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A child of Apollo 


was 11 years old when my neighborhood gathered 
to watch Apollo 11 transport human beings to the 
surface of the Moon for the first time. We clustered 
around a black-and-white television when, at dusk 
in California, Neil Armstrong took his first lunar 
steps and said, “That’s one small step for [a] man, 
one giant leap for mankind.” This issue of Sci- 
ence celebrates the 50th anniversary of this landmark 
event. The path that led to this success transformed 
our understanding of humankind’s place in the uni- 
verse and demonstrated the power of an audacious 


tures depicted a unified, blue, cloud-decorated planet 
without national boundaries. Seven months later, after 
two additional flights, Apollo 11 headed to the Moon 
with the goal of placing two astronauts on the lunar 
surface. After a dramatic journey to find a suitable 
landing site, the lunar lander settled into the lunar soil 
and, less than 7 hours later, Neil Armstrong took his 
famous first step. 

The technology that enabled the Apollo missions 
was incredibly impressive at the time but is remarkably 
primitive by today’s standards. The guidance computer 


Jeremy Berg 
Editor-in-Chief, 
Science Journals. 
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goal in driving technology forward. was less powerful than a cheap, modern hand calcula- foere@udas.org 
After the launch of Sputnik in 1957, the United States | tor. The successes of the Moon missions were primar- 
focused on the need for engineers and scientists to | ily triumphs of rocket engineering (rather than rocket 
keep up technologically with science). Nonetheless, the 
the Soviet Union. In 1961, Moon missions enabled many 
President John F. Kennedy new scientific directions, be- 
proposed that the United ginning with studies of the 
States “should commit itself samples from the lunar sur- 
to achieving the goal, before face. More experiments were 
this decade is out, of landing performed on_ subsequent 
aman on the Moon and return- missions, facilitated by rov- 
ing him safely to the Earth.” ing vehicles, setting the stage 
The ambitious National Aero- for unmanned rovers that 
nautics and Space Admin- are still exploring the sur- 
istration (NASA) project had face of Mars today. Increas- 
three phases—Mercury, Gem- ingly sophisticated scientific 
ini, and Apollo. I first became instruments have been built 
aware of the space program for probing the structures, 
with the last of the Mercury atmospheres, and_ surfaces 
flights and was fully engaged aad : of other planets and various 
by the time of the first crewed {% f objects in our Solar System. 
Gemini launch in March ; . > Oa Some people are now actively 
1965. I remember watching Muah’ ee ERY ih eth : discussing possible missions 
the launches, splashdowns, The bootprint on the lunar surface was made by astronaut involving human passengers 
and the spacewalk of Ed — Edwin“Buzz’ Aldrin of the Apollo 11 mission. to the Moon and then on to 
White tethered to Gemini 4 Mars. Such endeavors have 
in June 1965. Gemini model kits soon joined my list | the potential to capture the public’s imagination but, 
of desired presents. As a child, the progress of the | as these are contemplated, it is important to articu- 
program seemed exciting but inevitable, particularly | late clearly the benefits (and challenges) of including 
given the confident attitudes portrayed by the astro- | oxygen-breathing, waste-producing, radiation-sensi- 
nauts and NASA staff. I recall being shocked by the | tive human beings along with robotic and computer 
horrible fire in a sealed command module that killed | systems that are now so powerful. If a major goal is 
three astronauts as they prepared for the first Apollo | to develop technologies for future human space travel, 
mission in January 1967. NASA spent a year exten- | including astronauts may make sense. However, if the 
sively redesigning the command module, focusing on | goal is scientific exploration, robotic extensions of hu- 
safety, possible modes of failure, and reliability. In De- | mans offer many advantages; we can continue to make 
cember 1968, Apollo 8 orbited the Moon for the first | giant leaps for mankind with all the human steps oc- 
time. This vantage point offered a new perspective of | curring on Earth. 
Earth, captured by an iconic color photograph of our 
home planet rising over the lunar surface. Such pic- -Jeremy Berg 
10.1126/science.aay6770 
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Koji Hara, in Kyodo News, after his team paddled last week from Taiwan to 
Okinawa, Japan, in a dugout canoe, showing how early humans might have migrated there. 
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INFECTIOUS DISEASE 


Congo turns down new Ebola vaccines 


he Democratic Republic of the Congo (DRC) said it will not al- 

low new experimental vaccines to be deployed to combat an Ebola 

outbreak that has killed more than 1650 people since August 2018, 

the DRC’s health minister announced on 11 July. An experimental 

Merck vaccine has already been given to 161,000 people in the DRC 

and was shown to be effective in those exposed to the virus during 
a West African epidemic that ended in 2016. Health minister Oly Ilunga 
Kalenga said he decided not to allow additional, experimental vaccines 
because their use might confuse the public. He also noted that other ex- 
perimental vaccines—a Johnson & Johnson candidate has been pushed 
by outside experts—don’t have proven efficacy in people exposed to Ebola 
virus. Outside experts worry that stocks of the Merck vaccine may run out 
before the current outbreak ends. On 14 July, health workers diagnosed 
the first Ebola case in the large city of Goma, near the Rwandan border; 
the patient died this week, the DRC Ministry of Health confirmed. 


NASA changes flight leaders 


sPACE | Ina bid to jump-start return- 

ing astronauts to the moon by 2024, 

NASA Administrator Jim Bridenstine 

in Washington, D.C., reassigned two 

top human spaceflight officials last 

week, surprising many in the space 
industry. Bridenstine removed William 
Gerstenmaier, who had led NASA’s human 
exploration and operations directorate 
since its creation in 2011, and Bill Hill, dep- 
uty associate administrator for exploration 
systems development, and placed them in 
advisory roles. New leadership is required 
to meet the 2024 goal, Bridenstine said; a 
major challenge is reining in the cost of the 
delayed, powerful Space Launch System 
rocket. “The administration is interested in 
going fast, [and] we’re interested in doing 
things in a different way,’ he said. NASA 
has estimated that it could take $20 billion 
to $30 billion in new funding to meet the 
2024 goal; Congress has yet to approve any 
of this additional money. 
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Mice eyed as cat substitutes 


BIOMEDICINE | Researchers have shown 
that laboratory mice can be used as a 
substitute for cats in studies of the para- 
site Toxoplasma gondii, a leading cause of 
blindness and birth defects in people. A 
team led by Laura Knoll at the University of 
Wisconsin in Madison succeeded at getting 
T. gondii to sexually reproduce in mice. 
Until now, cats have been the only animals 
in which the parasite completes the sexual 
stages of its life cycle. The world’s leading 
research lab for studies of T: gondii, part 

of the U.S. Department of Agriculture, was 
closed in April after animal activists pro- 
tested because it used the cats for parasite 
production and then euthanized them 
(Science, 12 April, p. 109). The Wisconsin 
group reported its success, which depended 
on boosting the mice’s blood levels of a fatty 
acid that is high in cats but low in other 
mammals, on 1 July on the bioRxiv preprint 
server. Editors at PLOS Biology have since 
accepted it for publication. 
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Hawaii telescope moves ahead 


ASTRONOMY | Hundreds of protesters 
confronted workers this week as managers 
moved to resume construction of the 

$1 billion Thirty Meter Telescope on Mauna 
Kea in Hawaii. Work on what would be one 
of the world’s largest telescopes stopped in 
2015, when opponents halted construction 
by blockading an access road; 4 years of 
litigation followed. Critics say the 18-story 
instrument would desecrate a site of cultural 
and religious significance. Hawaii’s state 
Supreme Court ruled in October 2018 to 
allow construction, and in June, the state 
gave a final green light. This week, authori- 
ties worked to close access roads to the 
mountain. “This will bar Native Hawaiians 
from being able to access or enter their place 
or house of worship,’ says opponent Kealoha 
Pisciotta of Mauna Kea Anaina Hou. On 

8 July, opponents filed a last-ditch legal 
petition arguing that the project has not 
provided a sufficiently large security bond to 
guarantee the cost of construction if it does 
not receive full funding. 


Probe samples asteroid interior 


PLANETARY SCIENCE | Japan’s Hayabusa2 
spacecraft has landed on asteroid Ryugu 
and, in a space exploration first, prob- 

ably captured material from the interior. 
Earlier this year, the mission blasted a 
crater in the asteroid that left subsurface 
rock scattered around the crater’s rim. Last 
week, Hayabusa2 briefly touched down and 
fired a bulletlike projectile at that material 
to knock samples into a collection horn. 
Launched in 2014, Hayabusa2 retrieved 
surface samples in February. Having both 
surface and interior samples should give 
clues to space weathering and the evo- 
lution of the solar system, says project 
scientist Seiichiro Watanabe of Nagoya 
University in Japan. The samples are to be 
brought to Earth in December 2020. 


Harvard suspends economist 


#METOO | Harvard University on 10 July 
placed Roland Fryer, a prominent economics 
professor, on administrative leave without 
pay for 2 years after a university investiga- 
tion found he had engaged in unwelcome 
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Kenya vows to save mountain bongo. 


he Kenyan government has launched a plan to save the 
mountain bongo (Tragelaphus eurycerus ssp. isaaci), one 


of the most endangered mammals 
extinction. Only 100 individuals of t 


antelope subspecies, also known as the eastern bongo, 
survive in the wild, most of them in Kenya’s Aberdare mountain 


range. But the Mount Kenya Wildlife Con 


has bred a captive population (above) of 77 animals, from 


sexual conduct. Several employees accused 
him of making sexual comments in a profes- 
sional setting and fostering a hostile work 
environment. Fryer will be allowed to return 
to his post after 2 years with restrictions. 

He rose to prominence from a low-income 
background and received tenure at age 30. 
He has been recognized for his research 

on closing the racial gap in educational 
achievement and other social issues. Fryer’s 
suspension comes as economists have been 
reckoning with many instances in their field 
of harassment and discrimination against 
women and minorities. 


EPA appointments questioned 


PoLicy | The U.S. Environmental 
Protection Agency (EPA) repeatedly 
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in the world, from 
he brown-and-white 


servancy in Nanyuki 


sidestepped regular procedures for 
appointing members of two influential 
science advisory committees, says a 
report released this week by congres- 
sional auditors. Appointments to the 
Science Advisory Board and Clean Air 
Scientific Advisory Committee were 
drawn from the full roster of nominees 
submitted to the agency instead of a 
short list prepared by career agency staff, 
the Government Accountability Office 
found. Critics have charged that EPA has 
moved to remove independent-minded 
academic experts and replace them with 
members in sync with President Donald 
Trump’s administration’s campaign for 
environmental deregulation. EPA said its 
senior management rigorously evaluated 
all appointees. 


Published by AAAS 


‘ene 
‘nanaseronrsnbopa aaanannsii tr 


14 females and four males donated by the White Oak 
Conservation Center in Yulee, Florida, in 2004. On 8 July, Najib 
Balala, Kenya's minister of tourism and wildlife, pledged to 

set aside a 314-hectare sanctuary for the animals in Mount 
Kenya Forest that the Kenya Wildlife Service will protect against 
poachers and predators. The conservancy could start to release 
the first bongos there this year. The population is projected to 
grow to 730 animals over the next 50 years, Balala said. 


Turing to appear on £50 note 


SCIENCE HISTORY | The Bank of 
England announced this week it will 
release an updated £50 note bearing the 
image of Alan Turing, the mathemati- 
cian and World War II codebreaker. 
Turing, a pioneer in computer science 
and artificial intelligence, was instru- 
mental in cracking the Nazi’s Enigma 
code, which vastly aided Allied war 
efforts. But Turing, who during a bur- 
glary investigation acknowledged having 
a physical relationship with a man, was 
arrested in 1952 under a law forbidding 
homosexuality, leading to his forced 
chemical castration. He died in 1954 

in an apparent suicide. In 2013, Turing 
received a royal pardon. 


19 JULY 2019 » VOL 365 ISSUE 6450 205 


610d ‘La Ain uo /610' Bewadusios 90ua!0s//:djjy Woly papeojuMOq 


NEWS IN BRIEF 


Cities’ climate shifts projected 


CLIMATE SCIENCE | If you live in Toronto, 
Canada, by 2050 the climate may resemble 
that of steamy Washington, D.C., today. 

Of the world’s 520 major cities, 77% will 
experience a similar shift, most of them 
becoming warmer, wrote researchers in an 
article published last week in PLOS ONE. 
They quantified cities’ current and future 
climates on a scale and considered projected 
effects of climate change. On average, by 
2050 the climates of Northern Hemisphere 
cities were estimated to resemble those of 
cities 1000 kilometers to the south; cities 
in the tropics will shift to drier conditions. 
Ecologist Thomas Crowther of ETH Zurich 
in Switzerland and co-authors contend that 
describing such city-level climate shifts 

can help citizens and government planners 
visualize specific effects of climate change 
and prepare for them. 


Biden cancer program on hold 


PoLitics | The Biden Cancer Initiative 
announced last week that it will suspend 


<4 In 2050, the climate in many cities will 
resemble that now found in warmer cities: 


NOW 2050 


Seattle, Washington San Francisco, California 


Toronto, Canada Washington, D.C. 


New York City Virginia Beach, Virginia 
Rio de Janeiro, Brazil Havana 

Marseille, France Algiers 

Stockholm Budapest 

Kathmandu Shenzhen, China 


operations to eliminate any conflict of 
interest with the campaign of Joe Biden, 
its founder and the Democratic front- 
runner for president. The former vice 
president and his wife, Jill, launched the 
program, based in Washington, D.C., in 
June 2017 to build on the White House 
cancer moonshot program created the 
year before under President Barack 
Obama; the initiative’s mission included 
encouraging cancer researchers to col- 
laborate, but it did not give scientists 


IN FOCUS A material called aerogel (above) is an excellent 

candidate to insulate greenhouses on Mars, scientists report 

in the July issue of Nature Astronomy. They showed that just a few 
centimeters of the wispy material, which is 99% air, could trap enough 
warmth to melt martian surface ice, which may allow astronauts to grow food. 
Making aerogel on Mars or transporting it there presents challenges, however. 
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grants. Biden and his wife had stepped 
down from the board last month after 
concerns were raised about whether 
Biden, if elected president in the 2020 
election, would give favorable treatment 
to the initiative’s donors. 


Accused astrophysicist fired 


WORKPLACE | The board of ETH Zurich 
in Switzerland this week fired astro- 
physicist Marcella Carollo, saying she 

did not maintain “respectful relations,” 
after being accused of bullying students. 
Carollo, one of only a few women in 

the university’s physics department, 
helped found ETH Zurich’s institute for 
astronomy in 2002 with her husband, 
cosmologist Simon Lilly. The university 
dissolved the institute in 2017, after the 
misconduct allegations came to light. In 
a previous statement from her lawyer, 
Carollo said she was the target of a smear 
campaign by a graduate student whose 
work she was dissatisfied with; Carollo 
also said ETH Zurich has not taken com- 
parable actions in response to complaints 
against male professors. 


NASA adopts #MeToo rules 


WORKPLACE | NASA announced on 

10 July new requirements for institu- 
tions to report sexual harassment by 
the agency’s grantees. NASA will require 
organizations to inform it of “any 
findings or determinations of sexual 
harassment, other forms of harassment, 
or sexual assault” involving a NASA- 
funded principal investigator (PI) or 
co-PI, whether on campus, online, at field 
sites, or at conferences, the agency 
wrote in a Federal Register notice. NASA 
will also require notification if a PI or 
co-PI is placed on administrative leave 
or if a university takes other adminis- 
trative action resulting from a sexual 
harassment or assault investigation. 

In response, the agency could 

terminate grants. 


Butterfly named for biodiversity 


CONSERVATION | Costa Rican scientists 
announced this month that they named 
a new butterfly species they recently 
identified in their country Philtronoma 
cbdora, after the United Nations’s 
Convention on Biological Diversity, to 
honor the wildlife treaty, which took 
effect in 1993. 


Read more news from Science online. 
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Banana fungus puts Latin America on alert 


Apparent detection of a devastating Fusarium strain in Colombia threatens exports 


By Erik Stokstad 


n a long-feared development, an ex- 

tremely damaging banana disease has 

apparently reached Latin America. Late 

last week, the Colombian Agricultural 

Institute (ICA) in Bogota confirmed 

that four plantations in northern Co- 
lombia have been quarantined because of 
suspected infection with Fusarium wilt 
tropical race 4 (TR4), a fungus that kills 
plants by clogging their vascular system. 
Already widespread in Asia, the disease 
can wipe out entire plantations. 

The finding has yet to be confirmed, 
but countries in the region are on high 
alert. Neighboring Ecuador is the largest 
banana exporter in the world; Colombia, 
Costa Rica, and Guatemala are big produc- 
ers as well. A major outbreak of TR4 could 
ruin many farmers and drive up banana 
prices globally. “It poses a big threat,” says 
Rob Reeder, a plant pathologist at CABI, 
a nonprofit research and outreach center 
for plant diseases in the developing world, 
based in Egham, U.K. “This should really 
start raising alarm bells.” “We should take 
this extremely seriously,’ adds Gert Kema, 
a plant pathologist at Wageningen Univer- 
sity in the Netherlands. 


SCIENCE sciencemag.org 


TR4 is a variant of Panama disease, which 
wiped out banana plantations across Latin 
America in the mid-20th century. The in- 
dustry recovered after it replaced the most 
widely cultivated banana variety at the 
time, Gros Michel—also known as the Big 
Mike—with a new one, the Cavendish, that 
is resistant to Panama disease and now 
dominates the export industry. 

TR4, which easily overcomes the de- 
fenses of the Cavendish and many other 
banana varieties, emerged in Indonesia in 


“This is a turning point 
for the industry.” 


Gert Kema, Wageningen University 


the 1960s and has spread to many other 
countries since then. It surfaced in Jordan 
in 2013, in Mozambique 2 years later, and 
also in India, the world’s largest banana 
producer. Scientists dreaded its jump to 
the Americas, suspecting it was only a mat- 
ter of time: “I wasn’t surprised, but I was 
shocked,” Kema says. 

In June, staff at a large Colombian banana 
plantation spotted suspicious symptoms on 
trees and alerted ICA. After an initial poly- 
merase chain reaction test for the fungus 
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DNA came back positive, ICA launched its 
contingency plan, closing four farms and 
destroying all plants within 10 meters of 
samples that tested positive. ICA officials also 
established checkpoints to disinfect vehicles 
and boots and expanded disease surveillance 
in another 1100 hectares. So far, samples from 
the wider area have come back negative. 

To confirm the presence of TR4, samples 
from the four farms will be analyzed by 
Wageningen University and KeyGene, a 
plant breeding company also in Wagenin- 
gen; they expect to have the strain’s ge- 
nome sequence in early August. “We are 
trying to do this as fast as possible, but it 
takes time,” says Fernando Garcia Bastidas, 
a Colombian researcher at KeyGene. 

The sequence may also shed light on the 
origins of the fungus and how it arrived in 
Colombia. Fusarium is spread largely by 
contaminated soil and infected plant ma- 
terials. It’s possible that the strain arrived 
with farm machinery from abroad, or was 
carried by traveling farm workers or tour- 
ists. Banana leaves, used for wrapping food 
in many countries, are another potential in- 
fection route. (Bananas themselves do not 
spread the disease.) 

Fungicides can’t save plants that are al- 
ready infected with TR4, and the fungus’s 
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spores persist in soil for decades. The only 
way to contain the pathogen, once a plan- 
tation is infested, is to destroy all of the 
plants and take the farm out of production 
for many years—while trying to prevent 
the spores from escaping in runoff. 

Data on TR4’s economic toll are scarce, 
but one estimate puts the damage for In- 
donesian farmers at $120 million annu- 
ally, and for farmers in Taiwan at double 
that amount. After TR4 was detected in 
Queensland in Australia in 2015, “most 
farmers implemented extensive biosecu- 
rity measures which are very expensive 
and very restrictive,’ says James Dale of 
the Queensland University of Technology 
in Brisbane. Meanwhile, he says, “Areas in 
which there is TR4 are quarantined and 
therefore out of production. There is a 
double economic hit.” Filipino farmers have 
tried to cope with the disease by abandon- 
ing infested plantations and planting on 
clean soil elsewhere. But that strategy only 
lasts until clean land runs out—and often, 
farmers have contaminated the new fields 
in the process. 

TR4 may be harder to control in Cen- 
tral and South America than in Australia, 
Dale says, because many more hectares are 
in production and many smallholder farm- 
ers don’t know about, or can’t afford, con- 
trol measures. 

New ways to battle the scourge are on the 
horizon. Adding certain types of biomass to 
the soil and covering it in plastic can kill the 
spores, as the material decomposes and re- 
leases gas toxic to bacteria and fungi. In tri- 
als conducted by Kema and his colleagues in 
the Philippines, the technique significantly 
reduced the number of spores, suggesting it 
might help contain the disease. 

The longer-term solution is the same one 
that saved plantations decades ago: replac- 
ing the vulnerable plants with a resistant 
variety. The Honduras Foundation for Ag- 
ricultural Research in La Lima has spent 
decades breeding TR4-resistant bananas, 
but so far the results have not lived up to 
the Cavendish in properties such as taste 
and resistance to blemishes. A genetically 
modified Cavendish produced in Dale’s lab 
has shown resistance to the fungus in early 
field trials (Science, 24 November 2017, 
p. 979). Dale says that banana is now in 
larger trials; he hopes it can be commer- 
cialized in 2023. But whether consumers 
will buy transgenic bananas remains a 
question. “It’s down to public perception,” 
Reeder says. 

What’s already clear from TR4’s appar- 
ent arrival in Latin America, Kema says, is 
that banana cultivation cannot continue 
without major changes. “This is a turning 
point for the industry,” he says. 
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A graduate student 
from the University of 
Alaska in Fairbanks 
takes an Arctic ice core 
earlier this year. 


RESEARCH FUNDING 


University 


By Michael Price 


niversity of Alaska (UA) administra- 

tors are scrambling to decide how to 

impose deep mandatory spending 

cuts that could hobble research pro- 

grams at one of the world’s premier 

Arctic science institutions. The UA 
Board of Regents this week began to con- 
sider declaring a “financial exigency” that 
would allow officials to take extraordinary 
cost-cutting measures, which are expected 
to include laying off some tenured faculty 
and unionized staff, as well as eliminating or 
downsizing campuses and departments. The 
discussion followed a 28 June decision by Gov- 
ernor Mike Dunleavy (R) to reject a proposed 
$8.7 billion state operating budget and insist 
on a reduction of $444 million, including a 
$136 million cut to the UA system. 

The cut, which applies to the fiscal year 
that began 1 July, amounts to a 40% decrease 
in UAs state funding, and a 17% reduction 
overall. Officials at the university, which op- 
erates three flagship and 13 community cam- 
puses, has some 1200 full-time faculty, and 
serves about 26,000 students, say they will 
decide how to proceed later this month. 

Dunleavy has said the cut is needed to bal- 
ance the state’s budget and boost annual pay- 
ments to residents from oil drilling revenue. 
But researchers are worried about the impact 
on UA, a prominent player in studying cli- 
mate change in the Arctic, the planet’s fast- 
est-warming region. UA in Fairbanks (UAF) 
is among the world’s top Arctic science insti- 
tutions in terms of funding and publications, 
according to an analysis by the University of 
the Arctic in Rovaniemi, Finland. 
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of Alaska braces 
for draconian budget cuts 


Arctic science programs could suffer, faculty fear 


“Tm extremely frustrated,” says UAF 
geophysicist Nettie LaBelle-Hamer. “It’s 
not just about climate, it’s also about the 
socioeconomics, politics ... we need to be 
part of that.” 

Paul Layer, UA’s vice president for aca- 
demics, students, and research in Fairbanks, 
says one of his highest priorities “is to main- 
tain our status in Arctic research. It’s the 
one thing we do better than anybody.” 

UAF’s International Arctic Research 
Center, which partners with scientists 
across the United States and Japan to 
study weather, ocean acidification, and 
other topics, is funded largely by grants 
from nonstate sources. But it relies on state 
funding to pay for support staff and opera- 
tions, as well as work requested by state 
agencies. And at UAF’s Center for Alaska 
Native Health Research, state funds often 
pay for sending researchers to remote vil- 
lages, says Deputy Director Diane O’Brien. 
“Even when we are bringing in millions 
of dollars of [nonstate] support, these are 
research services that we depend on the 
university to provide from their state allo- 
cation,” she says. 

Others fear the uncertainty will prompt 
scientists to leave the university—or top 
candidates to reject job offers. Ironically, 
the cuts could make it harder to win 
funds from other sources. That’s because 
faculty can often only use state or univer- 
sity funds to pay for the time they spend 
drafting grant proposals. “In [the gover- 
nor’s] view, all we need to do is get more 
federal funding and we'll be fine,” LaBelle- 
Hamer says. “He doesn’t understand the 
research model.” 
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Pinpoint brain stimulation probes perception 


Triggering a handful of neurons in a mouse brain may conjure a visual experience 


By Kelly Servick 


ow many neurons does it take to spark 

a memory, a sensation, or a move- 

ment? Neuroscientists have struggled 

to answer this question with rela- 

tively crude methods that don’t allow 

them to fire up individually selected 
brain cells. Two teams, however, have re- 
cently adapted optogenetics—a technology 
for stimulating neurons with light—to pre- 
cisely awaken particular cells in the visual 
cortex of a mouse. They showed that zap- 
ping just a few neurons could trigger the 
same brain activity as showing the animals 
a visual pattern and could make them re- 
act as if they had seen that pattern. “Essen- 
tially, they take control over the internal 
world of the brain,” neuroscientist Thomas 
Knopfel of Imperial College London says of 
the new experiments. 

“We don’t know how many cells it might 
take to trigger a more elaborate thought, 
sensory experience, or emotion in a per- 
son,” says Karl Deisseroth, a neuroscientist 
and psychiatrist at Stanford University in 
Palo Alto, California, who led one of the 
new studies, published online this week in 
Science, “but it’s likely to be a surprisingly 
small number, given what we’re seeing in 
the mouse.” 

That observation might help explain 
why disordered  states—hallucinations, 
unwanted thoughts, and harmful actions— 
arise so readily in the brain, Deisseroth 
says. And single-neuron optogenetics may 
someday point researchers toward highly 
targeted ways of stamping out these states 
and treating symptoms of brain diseases. 

Neuroscientists have spent decades 
watching how mice behave when parts 
of their brains are stimulated with elec- 
trodes or, more recently, with optogenet- 
ics, which involves introducing a gene 
for one of several light-sensitive proteins 
called opsins into neurons. In most experi- 
ments, researchers awaken opsin-bearing 
neurons of a specific cell type with a pulse 
of diffuse blue-green light. But Deisseroth’s 
group and others have been targeting op- 
togenetics more precisely with a red light- 
sensitive opsin and the sharp, penetrating 
beam of a near-infrared laser. 

“Imagine every neuron in the brain like 
a key on the piano,” says Rafael Yuste, a 
neuroscientist at Columbia University who 
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has pioneered such experiments. “You can 
literally choose which neurons to turn on.” 

In the two new studies, Deisseroth’s and 
Yuste’s groups targeted predefined sets of 
cells by sculpting the laser beam into a ho- 
logram with a device called a spatial light 
modulator. Along with an opsin gene, they 
injected the gene for a molecule that fluo- 
resces when neurons fire, allowing them 
to discern what cells were active. They 
showed the mice a pattern of drifting par- 
allel lines on a screen and trained them to 
lick at a water spout when those lines were 
in one of two orientations (horizontal or 


Replaying perception 

In anew study, researchers used light to precisely 
activate cells ina mouse's visual cortex, re-creating 
the brain activity involved in seeing specific patterns. 
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Mice saw one of two on-screen patterns while 

a microscope captured which neurons were “tuned” 
to respond to one pattern or the other. 


Near-infrared laser 


Re Ws eye re ® 
6 ry oe! = 6 ry oe* ° 
64% 04 aa Y x oe 
Subset of tuned Vertical bar 


neurons stimulated 
with light 


response recalled 


Playback 

Stimulating some of those cells with light reactivated the 
brain's response to a pattern and made mice act as if 
they were seeing it again—with nothing on the screen. 


vertical), but not in the other. They identi- 
fied the cells “tuned” to fire preferentially 
for either the horizontal or vertical pattern. 

Yuste’s group, which published its ex- 
periments last month in Cell, found that 
stimulating as few as two particularly 
well-connected neurons made the mouse 
more likely to lick when the vertical bars 
on screen were hard to discern. In some 
trials, the stimulation even prompted the 


Published by AAAS 


animals to lick when there was nothing on 
the screen. 

The results, Yuste says, support the 
long-standing theory that ensembles of co- 
activated neurons—not individual cells— 
form the basic building blocks of our 
perceptions and memories. That’s still a con- 
troversial suggestion, says Michael Brecht, 
a neuroscientist at Humboldt University 
in Berlin. It’s also possible that individual 
neurons “just do their thing and contribute 
incrementally” to brain function, he says— 
that cells don’t have to form these defined 
groups in order to collectively represent 
experiences. But future studies of precisely 
triggered neurons may yet resolve the role of 
ensembles, Brecht notes. 

Deisseroth’s group, meanwhile, activated 
larger sets of vertically or horizontally 
tuned neurons than in the Cell study, and 
evaluated whether mice could distinguish 
between the two possible perceptions. Us- 
ing a newly discovered gene from a single- 
celled marine organism that produces a 
highly sensitive opsin, they found that zap- 
ping sets of roughly 10 to 20 cells that were 
tuned to one visual pattern or the other 
improved a mouse’s ability to distinguish 
increasingly dim on-screen bars. Eventu- 
ally, this stimulation alone prompted accu- 
rate “lick” or “don’t lick” decisions. 

It’s impossible to know whether the mice 
really “saw” the absent bars, but both the 
behavioral tests and imaging suggest “the 
brain is doing what it does during natural 
perception,” Deisseroth says. 

“It’s probably a bit too early” to claim 
that optogenetic stimulation can fully re- 
create real vision, which is much more 
complex than simple moving bars, says 
Valentina Emiliani, a physicist at a vision 
institute affiliated with CNRS, the French 
national research agency in Paris. Still, she 
says, it’s exciting that hitting a few neurons 
can call up an entire pattern of brain activ- 
ity related to vision. 

The Deisseroth and Yuste labs now 
plan to use single-neuron optogenetics to 
find neurons underlying more complex 
behavior—including symptoms of brain 
disease. Yuste has launched experiments 
in mice that aim to reverse symptoms of 
schizophrenia and Alzheimer’s disease by 
stimulating ensembles of neurons that 
don’t activate as strongly in the diseased 
mice as healthy ones. 
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CONSERVATION BIOLOGY 


Genomics guides help for dwindling species 


Long-term studies, modeling help clarify how to do genetic rescue 


By Elizabeth Pennisi, in Providence 


he expanding global human footprint 

is dividing the world’s flora and fauna 

into ever-smaller, more isolated popu- 

lations that could wink out because of 

inbreeding, disease, or environmental 

change. For decades, conservationists 
have proposed revitalizing those holdouts by 
bringing in new blood from larger popula- 
tions. But they've wondered whether it really 
works—and how to do it without swamping 
the genetic identity and unique adaptations 
of the group at risk. Last month at Evolution 
2019 here, researchers described how 
genomic tools are refining what is 
known as genetic rescue. 

Although zoos have worked to 
maintain genetic diversity in endan- 
gered species by carefully matching 
individual animals for breeding, the 
strategy has rarely been tried in na- 
ture. Genetic rescue “should be at- 
tempted more frequently,’ Andrew 
Whiteley, a conservation genomicist 
at the University of Montana in Mis- 
soula, and his colleagues wrote last 
week in Trends in Ecology and Evo- 
lution. But showing that it works re- 
quires tracking multiple generations 
for years, something few studies have 
attempted. And researchers have 
only recently been able to detect 
what happens on a molecular level. 
Now, says Sarah Fitzpatrick, an evolution- 
ary biologist at Michigan State University’s 
(MSU’s) W. K. Kellogg Biological Station in 
Hickory Corners, “We have genomic tools to 
study these populations ... in ways we never 
could before.” 

Adding new blood to small populations 
really does help, a long-term experimental 
evolution study of wild guppies in Trinidad 
has demonstrated, says Brendan Reid, an 
MSU conservation biologist who works with 
Fitzpatrick. Decades ago, researchers seeded 
the headwaters of two streams in the moun- 
tainous country with guppies taken from a 
distant habitat. In one stream, the displaced 
fish had to travel a long way and only slowly 
made their way downstream to a small, iso- 
lated population. In the other stream, the fish 
more quickly joined another isolated group. 
Every month for 2.5 years, Fitzpatrick and 
her colleagues caught, marked, and studied 
all the fish they could find at the isolated 
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groups’ territories before returning the fish 
to the streams. They tracked the growth, sur- 
vival, and genetic diversity of the fish over 
about seven generations. 

In both streams, the populations increased 
10-fold and genetic diversity doubled. Later 
generations were more fecund, with many 
of the most fit offspring being hybrids of the 
local and introduced fish, Reid reported at 
the meeting. But the findings also sounded 
a note of caution. In the second stream, the 
rapid infusion of new fish almost completely 
eliminated pure residents—an outcome con- 
servationists usually hope to avoid. That re- 


A Florida scrub jay population relies on birds from other groups to sustain 
its genetic diversity. 


sult suggests “a slow trickle of immigration 
might be preferable,” Fitzpatrick says. 

Another genomic study showed some 
small populations experience natural genetic 
rescue—and benefit from it. Nancy Chen, a 
population geneticist at the University of 
Rochester in New York, and her team study 
the threatened Florida scrub jay (Aphelocoma 
coerulescens), whose numbers are down to a 
few thousand individuals, split among a few 
hundred sites. For 50 years, researchers have 
regularly counted and assessed all the jays 
found at Archbold Biological Station near 
Lake Placid, Florida. More recently, they’ve 
collected blood samples from each bird, 
which enabled Chen and her colleagues to 
track genetic changes over time. 

The team discovered that the population 
naturally gets a slow infusion of new blood. 
Typically, birds trickle in from smaller 
groups a few kilometers away. The new- 
comers are less genetically diverse than 
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those already there, but because they are 
from a different population, they help 
maintain the resident group’s diversity. 
However, with fewer birds arriving in re- 
cent years because of population declines, 
that diversity is declining, putting the 
population at risk of dying out. “Gene flow 
from small populations may be really im- 
portant,” she concluded at the meeting. 

Most biologists have assumed that larger 
populations are better sources of new blood. 
But Chris Kyriazis, a graduate student at 
the University of California, Los Angeles, 
used computer models to study the impact 
of deleterious mutations hidden in 
a source population. Because such 
mutations tend to be harmful only 
when both parents pass the muta- 
tion to offspring, they are likely to be 
eliminated from historically small, 
inbred populations and to persist 
in larger ones. Kyriazis’s modeling 
suggests intermediate-size popula- 
tions, not the biggest ones, could be 
the best source for genetic rescues, 
he reported at the meeting and ina 
preprint posted 21 June on bioRxiv. 

Sometimes, genomic results sug- 
gest the rescue strategy may back- 
fire. Just 1000 island foxes (Urocyon 
littoralis) are left on California’s 
Santa Catalina Island, and 60% of 
them have a cancer that affects their 
ears. Paul Hohenlohe, an evolution- 
ary biologist from the University of Idaho 
in Moscow, had identified many genes that 
make the foxes susceptible to the cancer and 
wondered whether they were a candidate for 
genetic rescue. But he found that the Santa 
Catalina foxes have a genetic advantage 
over neighboring populations that might 
be sources of new blood: They have more 
variation throughout their genome, includ- 
ing in the cancer genes, he reported at the 
meeting. Furthermore, the Santa Catalina 
foxes are better adapted to the island’s hot, 
arid climate than the other foxes, many of 
which live on wetter, cooler islands. So, he 
recommends letting nature take its course 
and monitoring whether the foxes eventually 
evolve resistance to the cancer. 

These studies are helping invigorate a 
strategy that many believe is sorely needed. 
Fitzpatrick says, “The urgency of the prob- 
lem and the availability of the tools makes 
it a really exciting time.” 
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2020 U.S. CENSUS 


Census citizenship question ts 
dropped, but challenges linger 


Methods for filling in missing data will get major test 


By Jeffrey Mervis 


resident Donald Trump’s decision last 
week to forgo a citizenship question 
on the U.S. census lets the Census 
Bureau disappear from the headlines 
and resume preparations for next 
spring’s decennial head count. 

But the end of that bitterly partisan, 
15-month fight doesn’t mean an easy road 
ahead for the agency. Social scientists say 
little-noticed changes in how the govern- 
ment will conduct the 2020 census will 
create a major statistical challenge. 

The key change, in response to a con- 
gressional mandate to hold down costs, 
is to hire many fewer field workers. That 
will result in less chasing of people who 
do not initially respond to the 10-question 
census form, which includes queries about 
the age, sex, race/ethnicity, and number of 
people living at a particular address. 

Census officials say tapping informa- 
tion in administrative records—the vast 
files kept by other government agencies, 
including Social Security, tax, and health 
records—will allow the smaller army of 
enumerators to be more efficient. The 
Census Bureau will also increase its use of 
whole-person imputation—a method that 
enables statisticians to predict the char- 
acteristics, such as sex and age, of people 
believed to be living at a specific address 
who haven’t responded. 


SCIENCE sciencemag.org 


Neither imputation nor administrative 
records has ever been used on such a large 
scale for the U.S. census, statisticians and 
demographers note, and some worry how 
well the techniques will perform. 

The size of the challenge is staggering. 
Overall, census officials hope 60% of house- 
holds will respond when invited to fill out 
the questionnaire. That’s down from its 
earlier estimate of 65%, and a steep drop 
from the 74% who responded in 2010. For 
the first time, residents will also be able 
reply online or by calling a toll-free num- 
ber. But a 40% nonresponse rate would 
mean roughly 50 million households will 
go uncounted. 

In the past, the bureau deployed more 
than 500,000 census workers to visit non- 
responsive households up to six times in a 
bid to collect missing information, some- 
times by asking neighbors or landlords 
for help. The bureau wants to shrink that 
number by nearly half in 2020, keeping 
with direction from Congress not to ex- 
ceed the $12.5 billion price tag of the 2010 
count. (The bureau estimates tracking a 
larger, harder to reach, and more mobile 
population in 2020 will cost $15.7 billion.) 

Experts believe high nonresponse rates 
will force the bureau to expand its use of 
whole-person imputation. In the last cen- 
sus, in 2010, the agency used the technique 
to fill in information for just about 1% of 
households. But that could rise to 12% of 
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A question about citizenship won't be on the 2020 
census, President Donald Trump said last week. 


households in 2020 because of the reduced 
follow-up, according to a 2017 analysis by 
Andrew Keller of the agency’s decennial sta- 
tistical studies division in Suitland, Maryland. 

Imputation “has served [the Census Bu- 
reau] well in the past,” says Robert Santos, 
vice president and chief methodologist at 
the Urban Institute in Washington, D.C. 
But the potential scale of its use in 2020 is 
daunting, and the Census Bureau is flying 
blind. It “has never really done research 
on whole-person imputation,” he says, “be- 
cause they say it can’t be done.” 

As for using administrative records to fill 
gaps, officials have said the approach could 
help target follow-up efforts by identifying 
residences that are vacant or don’t actually 
exist. But researchers warn the records can 
be inaccurate, outdated, incomplete, or not 
suited to the needs of the Census Bureau. 
The Social Security Administration, for ex- 
ample, doesn’t retain the addresses of peo- 
ple to whom it mails a Social Security card. 

The records “are OK for [character- 
izing] part of the population,’ says John 
Thompson, who stepped down as census di- 
rector in June 2017 and now lives in Oregon. 
But he says the people who are more likely 
to snub the census are also more likely to 
be missing from other government records. 
(The Census Bureau declined requests to dis- 
cuss its use of these methods.) 

Such issues could also entangle Trump’s 
hope of using administrative records to 
tally noncitizens. When Trump dumped 
the citizenship question on 11 July, he also 
issued an executive order that requires ev- 
ery federal agency to share with the Census 
Bureau all records relevant to citizenship. 
Commerce Secretary Wilbur Ross estimated 
last year that the bureau cannot determine 
the citizenship status of between 30 mil- 
lion and 35 million residents—roughly 
10% of the U.S. population—because it can 
access only a subset of relevant federal 
records. Trump said his new order would 
remedy that situation “immediately,” and 
lead to a tally what would cover “100%” of 
all citizens, noncitizens, and those he calls 
“illegal aliens.” 

But social scientists say it is not that 
simple. “The quality of the data is not what 
[Trump] thinks it is, and merging them 
is difficult,” says demographer William 
O’Hare, a veteran census data cruncher 
based in Baltimore, Maryland. “But an even 
bigger problem” for Trump, he says, is that 
administrative records can’t identify people 
who are living in the country without the 
proper documents. “Many of the people you 
want,” he says, “are not there.” 
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he children living in SOS Chil- 
dren’s Villages orphanages in Paki- 
stan have had a rough start in life. 
Many have lost their fathers, which 
in conservative Pakistani society 
can effectively mean losing their 
mothers, too: Destitute widows of- 
ten struggle to find enough work to 
support their families and may have 
to give up their children. 

The orphanages, in Multan, Lahore, and 
Islamabad, provide shelter and health care 
and send kids to local schools, trying to 
provide “the best possible support,’ says 
University of Zurich (UZH) physician and 
neuroscientist Ali Jawaid. “But despite that, 
these children experience symptoms similar 
to PTSD [post-traumatic stress disorder], in- 
cluding anxiety and depression. 

Beyond these psychological burdens, 
Jawaid wonders about a potential hidden 
consequence of the children’s experience. 
He has set up a study with the orphanages 
to probe the disturbing possibility that the 
emotional trauma of separation from their 
parents also triggers subtle biological alter- 
ations—changes so lasting that the children 
might even pass them to their own offspring. 

That idea would have been laughed at 
20 years ago. But today the hypothesis that 
an individual’s experience might alter the 
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cells and behavior of their children and 
grandchildren has become widely accepted. 
In animals, exposure to stress, cold, or high- 
fat diets has been shown to trigger meta- 
bolic changes in later generations. And small 
studies in humans exposed to traumatic 
conditions—among them the children of Ho- 
locaust survivors—suggest subtle biological 
and health changes in their children. 

The implications are profound. If our 
experiences can have consequences that re- 
verberate to our children or our children’s 
children, that’s a powerful argument against 
everything from smoking to immigration 
policies that split families. “This is really 
scary stuff. If what your grandmother and 
grandfather were exposed to is going to 
change your disease risk, the things we're do- 
ing today that we thought were erased are af- 
fecting our great-great-grandchildren,” says 
Michael Skinner, a biologist at Washington 
State University in Pullman. 

Skinner’s own research in animals sug- 
gests changes to the epigenome, a swirl of 
biological factors that affect how genes are 
expressed, can be passed down through mul- 
tiple generations (Science, 24 January 2014, 
p. 361). If trauma can trigger such epigen- 
etic changes in people, the alterations could 
serve as biomarkers to identify individuals at 
greater risk for mental illness or other health 
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problems—and as targets for interventions 
that might reverse that legacy. 

But proving that emotional trauma, as 
distinct from physical stress, can be passed 
on to subsequent generations in people is 
a challenge. “The difficulty ... is being able 
to disentangle what comes through social 
inheritance—which must be massive—and 
what doesn’t,” says neuroscientist Johannes 
Bohacek of ETH Zurich. “The jury is still out 
on humans.” 

Some of the field’s biggest names also 
worry that the idea could have dangerous 
consequences. Rachel Yehuda of the Icahn 
School of Medicine at Mount Sinai in New 
York City studied the children of 40 Holo- 
caust survivors and found lower baseline lev- 
els of the stress hormone cortisol as well as 
a distinctive pattern of DNA methylation, an 
epigenetic marker. But in a paper last year, 
she said it would be “premature” to conclude 
that trauma causes heritable changes, add- 
ing that hyped media coverage could pro- 
mote a misleading narrative of hopelessness, 
suggesting that one generation’s trauma per- 
manently scars later generations. 

“There’s a lot of overinterpretation of ini- 
tial results,” says Columbia University bio- 
logist Katherine Crocker, who studies 
nongenetic inheritance in crickets. “What 
is out there in the public mind about epi- 
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genetics probably can never be proved.” 

To investigate, Jawaid is collecting blood 
and saliva samples from the Pakistani or- 
phans and from classmates who live with 
parents. As a researcher in the lab of Isabelle 
Mansuy of UZH and ETH Zurich, he hopes to 
learn whether the trauma of loss and forced 
separation has left identifiable marks at 
the cellular level. But to really prove trans- 
generational inheritance, he’d have to study 
the orphans for years—until they have chil- 
dren of their own. That’s why Mansuy herself 
has turned to mice. 


ONE RECENT AFTERNOON, Mansuy donned 
a fresh lab coat and blue sanitary booties 
and gently cracked the door of a darkened 
room at her lab at UZH. A powerful smell— 
something like dog chow mixed with animal 
musk—wafted out on a gust of warm air. In- 
side were hundreds of mice in 40 breeding 
cages. “We keep it dark during the day to 
preserve their circadian rhythm when we 
work with them,’ Mansuy says in a hushed 
voice. “This is our 31st cohort.” 

The idea Mansuy is exploring—that not 
all inherited characteristics are rooted in 
DNA—dates back more than half a cen- 
tury. Tantalizing early results came from 
maize, in which plants with identical DNA 
had variations in traits such as kernel color 
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Isabelle Mansuy (shown in her lab in Zurich, Switzerland) found that mice with traumatized 
forebears took more risks when exploring open, elevated platforms (left). 


that persisted for hundreds of generations. 
The work was initially controversial, as 
geneticists saw it as a revival of the non- 
Darwinian ideas of 19th century scientist 
Jean-Baptiste Lamarck. 

But experiments in many organisms 
suggested epigenetic inheritance was real. 
In simple creatures like Caenorhabditis 
elegans worms, researchers found that 
genes turned off once by altering the RNA 
they produced remained silenced for 80 
generations or more. Some examples were 
even more dramatic: Water fleas exposed 
to the scent of a predator have offspring 
with spiky, armored heads. And in mice, 
researchers including Skinner found that 
parents exposed to altered diets, low tem- 
peratures, or toxins had descendants with 
behavioral changes and weight gain. 

Epidemiological studies of people have 
revealed similar patterns. One of the best- 
known cases is the Dutch hunger winter, a 
famine that gripped the Netherlands in the 
closing months of World War II. The chil- 
dren of women pregnant during the food 
shortages died earlier than peers born just 
before, and had higher rates of obesity, dia- 
betes, and schizophrenia. Studies of other 
groups suggested the children of parents 
who had starved early in life—even in the 
womb—had more heart disease. And a look 
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last year at historical records showed the 
sons of Civil War soldiers who had spent 
time as prisoners of war (POWs) were more 
likely to die early than the sons of their fel- 
low veterans. (The researchers controlled for 
socioeconomic status and maternal health.) 

But the human studies faced an obvi- 
ous objection: The trauma could have been 
transmitted through parenting rather than 
epigenetics. Something about the POW ex- 
perience, for example, might have made 
those veterans poor fathers, to the detri- 
ment of their sons’ lives. The psychological 
impact of growing up with a parent who 
starved as a child or survived the Holocaust 
could itself be enough to shape a child’s be- 
havior. Answering that objection is where 
mouse models come in. 

Mansuy began in 2001 by designing a 
mouse intervention that re-creates some 
aspects of childhood trauma. She separates 
mouse mothers from their pups at un- 
predictable intervals and further disrupts 
parenting by confining the mothers in tubes 
or dropping them in water, both stressful 
experiences for mice. When the mothers 
return to the cage and their pups, they’re 
frantic and distracted. They often ignore 
the pups, compounding the stress of the 
separation on their offspring. 

Mansuy says the mice’s suffering has a 
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purpose. “We're applying a paradigm that 
is inspired by human conditions,’ she says. 
“We're doing it to gain understanding for 
better child health.” 

Unsurprisingly, the pups of stressed 
mothers displayed altered behavior as 
adults. But to Mansuy’s surprise, the behav- 
ioral changes persisted in the offspring’s 
offspring. Initially, she thought this could 
be a result of the offspring’s own behavior: 
Mice traumatized as pups could have been 
bad parents, replicating the neglect they 
experienced in childhood. Thus they might 
simply be passing on a behavioral legacy— 
the same lasting psychological 
effect that might explain such 
findings in humans. 

To rule out that possibil- 
ity, Mansuy studied only the 
male line (see graphic, p. 215), 
breeding untraumatized, “na- 
ive” female mice with trauma- 
tized males, and then removing 
males from the mother’s cage 
so that their behavior did not 
impact their offspring. After 
weaning, she raised the mice 
in mixed groups to prevent lit- 
ter mates from reinforcing each 
other’s behaviors. 

Her lab repeated the proce- 
dure, sometimes going out six 
generations. “It worked imme- 
diately,” she says of the protocol. 
“We could see that there were 
symptoms [in descendants] that 
were similar to the animals that 
were themselves separated.” 
Descendants of stressed fathers 
displayed more risk-taking be- 
havior, like exploring exposed 
areas of a platform suspended 
off the ground. When dropped 
in water, they “gave up” and 
stopped swimming sooner than 
control mice, an indicator of 
depressivelike behavior in mice. 

Mansuy is “definitely a pioneer,’ says 
Romain Barrés, a molecular biologist at the 
University of Copenhagen. Other research- 
ers have developed conceptually similar 
models, for example giving male mice al- 
tered diets or exposing them to nicotine and 
tracing metabolic and behavioral changes 
out for generations. 

“Tf youre asking, ‘Does the experience of 
the parent influence the process of develop- 
ment?’ the answer is yes,” says epigenetics 
researcher Michael Meaney at McGill Uni- 
versity in Montreal, Canada, whose own 
studies have shown that differences in ma- 
ternal care can have epigenetic effects on 
brain development. “Isabelle and others 
have documented the degree to which the 
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Ali Jawaid (back right) works with children in a Pakistani orpha 
just given a blood sample for an epigenetics study. 


experience of the parent can be passed on. 
The question [is] how.” 


THREE MASSIVE FREEZERS down the hall 
from Mansuy’s office are filled with sam- 
ples of mouse blood, liver, milk, microbi- 
ome, and other tissues. These serve as a 
-80°C archive of more than 10 years of data. 
Mansuy estimates she’s collected behavioral 
data and tissue samples from thousands of 
mice altogether. 

She hopes the biological markers of 
trauma are hidden in those freezers, waiting 
to be revealed. Many of the early mammalian 
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epigenetics studies focused on DNA methyl- 
ation, which “tags” DNA with methyl groups 
that switch genes off. But those changes 
seemed unlikely to be directly inherited: 
In mammals, methylation is mostly erased 
when egg and sperm come together to form 
an embryo. 

Mansuy and others still think methylation 
could have some role. But they are also ze- 
roing in on tiny information-rich molecules 
called small noncoding RNAs (sncRNAs). 
Most RNA is copied from DNA, and then 
acts as a messenger to instruct the cell’s ribo- 
somes to produce specific proteins. But cells 
also contain short strands of RNA that don’t 
produce proteins. Instead, these noncoding 
RNAs piggyback on the messenger RNAs, in- 
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terfering with or amplifying their function, 
thus causing more or less of certain proteins 
to be produced. 

Mansuy and others think stress may influ- 
ence sncRNAs, along with the many other 
biochemical changes it causes, from higher 
levels of hormones like cortisol to inflamma- 
tion. They have focused on the sncRNAs in 
sperm, which may be especially vulnerable to 
stress during the weeks that newly formed 
sperm spend maturing in a twisting tube on 
top of the testes. Later, when sperm and egg 
come together, altered sncRNAs could mod- 
ify the production of proteins at the very be- 
ginning of development in a way 
that ripples through the millions 
and millions of cell divisions 
that follow. “Hosts of signals 
happen as those cells become a 
zygote,’ says epigeneticist Tracy 
Bale at the University of Mary- 
land in Baltimore. “If dad brings 
small noncoding RNAs that have 
an effect on mom’s RNAs, that 
can change the trajectory of 
embryo development.” 

Bale found evidence that 
trauma can affect sncRNAs in 
sperm—and that the effects 
might be transmitted to off- 
spring. She stressed mice dur- 
ing adolescence by barraging 
them for weeks at unpredictable 
intervals, with things like fox 
odors, loud noises, and bright 
light. Then, she examined the 
sncRNAs in their sperm and off- 
spring. She found differences in 
nine types of sncRNAs, includ- 
ing one that regulates SIRTI, a 
gene that affects metabolism and 
cell growth. 

5 She then created RNA mol- 
.. ecules with similar alterations 

and injected them into early- 

stage embryos. When those em- 

bryos grew to adults, they carried 
RNA alterations like those seen in the sperm. 
This second generation also had lower levels 
of corticosterone, the mouse equivalent of 
cortisol, after a stressful spell inside a tight 
tube. “If you do the same RNA changes, you 
produce offspring with the same phenotype,” 
Bale says. 

Mansuy found similar RNA changes in 
her male mice traumatized as pups. They 
had higher levels of specific sncRNAs, in- 
cluding miR-375, which plays a role in 
stress response. Mansuy is convinced those 
molecular changes account for some of 
the inherited behavioral traits she docu- 
mented. In one experiment, her team in- 
jected RNA from traumatized male sperm 
into the fertilized eggs of untraumatized 
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parents and saw the same behavioral 
changes in the resulting mice. 

But although the cause, in the form of 
altered RNA, and the effect, in the form 
of altered behavior and physiology, are 
identifiable in mouse experiments, every- 
thing else remains maddeningly difficult 
to untangle, especially in people. “The 
field has come a long way in the last 
5 years,” Bale says. “But we don’t know 
what’s going on in humans because we 
don’t have a controlled environment.” 

Still, mouse data in hand, Mansuy 
has been looking for similar epigenetic 
changes in people. She analyzed blood 
samples from Dutch soldiers, collected 
before and after deployment to Afghani- 
stan between 2005 and 2008. And she’s 
working with clinicians in Nice, France, 
to examine blood samples from survi- 
vors of a horrific 2015 terror attack. 

Other researchers had found altered 
sncRNAs in the blood of the soldiers. 
In 2017, for example, Dutch research- 
ers showed soldiers exposed to combat 
trauma had recognizable differences 
in dozens of sncRNA groups, some 
of them correlated with PTSD. But 
Mansuy couldn’t find the same kinds of 
RNA changes that appeared in her lab’s 
mice. That could be because the sol- 
diers’ samples were years old, or simply 
because mice and people are different, 
showing the limits of mouse models. 


But Mansuy hopes it means epigen- females. 

etic changes are sensitive to the type of 

trauma and when it occurs in the life 

course. Mice can never perfectly repli- 

cate human suffering, but, she says, “the Offspring show 
best approach” for research “is to select —ePigenetic and 


a population of humans who have gone 
through conditions which are as similar 
as possible to our model.” 

That’s where the Pakistani orphans 
come in. The children’s chaotic early 
years may have some similarities to what 
the mice in Mansuy’s lab experience, she 
says, including unpredictable separation 
from their mothers. 

Early results are promising. “We have 
overlapping findings with the mouse 
model,” Jawaid says. In a preprint uploaded 
last month to bioRxiv, Mansuy and Jawaid 
documented changes in the levels of fatty 
acids in the orphans’ blood and saliva 
that mimicked changes in the traumatized 
mice—as well as similar sncRNA altera- 
tions. The presence of similar biomarkers 
“suggests that comparable pathways are op- 
erating after trauma in mice and children,’ 
Mansuy says. 

In a conceptually similar effort to go 
from mice to people, biologist Larry Feig 
at Tufts University in Boston exposed male 
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Mother separated 
from pups and 
traumatized. 
Mother often 
ignores pups. 


Three-month-old 
male offspring mated 
with untraumatized 


behavioral changes 
without having 
experienced trauma. 


Breeding carried out 
for six generations. (.--) 


Troubled offspring 
To explore how trauma affects generations of mice, such as the 
grandfather, father, and son below, researchers stressed mother 
mice. Their pups then exhibited both molecular and behavioral 
changes, such as taking more risks on an elevated maze. These 
changes persisted for up to five generations. 


@ Trauma experienced € Epigenetic changes, such as methylation 
@ Behavioral changes 


of DNA and alteration of RNA 


Mother | 


mice to social stress by routinely changing 
their cage mates. Their sperm had altered 
levels of specific sncRNA groups—albeit dif- 
ferent ones from those altered in Mansuy’s 
mice—and their offspring were more anx- 
ious and less sociable than the offspring of 
unstressed parents. 

Working with a sperm bank, Feig then 
looked for the same sncRNAs in human 
sperm. He also asked donors to fill out the 
Adverse Childhood Experience (ACE) ques- 
tionnaire, which asks about abusive or dys- 
functional family history. The higher the 
men’s ACE score, the more likely they were 
to have sperm sncRNA profiles matching 
what Feig had seen in mice. 

But this body of research hasn’t con- 


Published by AAAS 


7 


vinced everyone. Geneticist John 
Greally at the Albert Einstein Col- 
lege of Medicine in New York City 
has been a vocal critic of the evidence 
for epigenetic inheritance of trauma, 
pointing at small sample sizes and an 
overreliance on epidemiological stud- 
ies. For now, he says, “Mouse models 
are the way to go.” He’s not yet seen 
definitive experiments even in mice, he 
says. “I’d like to see us be more bold 
and brave and move from preliminary 
association studies to definitive stud- 
ies—and be open to the idea that there 
may be nothing there.” 


IN A DARKENED ROOM down the hall 
from Mansuy’s office, just outside the 
mouse breeding area, two cages stand 
side by side on a table. One is a stan- 
dard lab mouse enclosure, not much 
bigger than a shoebox. Wood chip- 
strewn cages like this are where most 
lab mice, including most of Mansuy’s 
animals, spend their lives. 

Next to it, black-furred, pink-tailed 
mice scurry up and down in a luxury 
two-story mouse house, equipped with 
three running wheels and a miniature 
maze. Their environment is designed to 
stimulate their senses and engage more 
of their brains in play and exploration 
(Science, 9 February 2018, p. 624). 

In 2016, Mansuy published evidence 
that traumatized mice raised in this 
enriched environment didn’t pass the 
symptoms of trauma to their offspring. 
The limited data—Mansuy says her lab 
is now working on an expanded study— 
suggest life experience can be healing 
as well as hurtful at the molecular level. 
“Environmental enrichment at the right 
time could eventually help correct some 
of the alterations which are induced by 
trauma,’ Mansuy says. 

This and a few other studies sug- 
gesting epigenetic change is reversible 
have the potential to change the narrative of 
doom around the topic, researchers say. “If 
it’s epigenetic, it’s responsive to the environ- 
ment,” says Feig, who more than a decade 
ago found similar effects on brain function 
across generations by giving mice play tubes, 
running wheels, toys, and larger cages. “That 
means negative environmental effects are 
likely reversible.” 

In public talks and interviews, Mansuy 
says she’s careful not to promise too much. 
As confident as she is in her mouse model, 
she says, there’s lots more work to be done. 
“T don’t think the field is moving too fast,” 
Mansuy says. “I think it’s moving too slow.” 


Andrew Curry is a journalist in Berlin. 
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How to make interlocked nanocarbons 


Interlocked nanocarbon rings have promising properties for molecular machines 


By Jeff M. Van Raden and Ramesh Jasti 


arbon-rich materials such as fuller- 
enes, carbon nanotubes, and gra- 
phene have a wide range of unusual 
physical properties resulting from 
their unique topography. For example, 
graphene, a two-dimensional sheet 
material consisting solely of carbon atoms, 
is a zero-gap semiconductor (7). When this 
same material is rolled into a cylindrical 
topology—a carbon nanotube—the result- 
ing material can be either metallic or semi- 
conducting, depending on the specific atom 
connectivity. Many other molecular entities 
can be synthesized entirely from carbon 
(2). On page 272 of this issue, Segawa et 
al. (3) report the synthesis of nanocarbons 
that are mechanically interlocked. These 
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mechanically bound nanocarbons create a 
bridge between carbon nanoscience and re- 
search into molecular machines. 

Segawa et al. created nanotube slices, 
that is, small fragments of a [12,12] arm- 
chair carbon nanotube called [12]cyclo- 
paraphenylene ([12]CPP) (see the figure). 
Initially described in 2008 (4), [n]CPPs con- 
sist of m benzene rings linked in the para 
position, resulting in a substantial amount 
of strain energy. To prepare these strained 
molecules, Segawa et al. used unstrained 
cyclohexadiene moieties that they then 
converted to benzenes in a late step of the 
synthesis. 

The authors formed the key mechani- 
cal bond using a silicon-based template 
method, reminiscent of the original concept 
demonstrated by Sauvage and colleagues 
(5). In this method, a tetrahedral silicon 
atom is used to adjoin two neighboring CPP 
fragments in a crossing pattern (see the fig- 
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ure). After dual macrocyclization, the silicon 
tether can be removed and the interlocked 
structure remains. Finally, reductive aroma- 
tization converts the cyclohexadiene units 
into the all-benzene structure. Expanding 
on this method, Segawa et al. also prepared 
a molecular trefoil knot, the simplest knot 
that can only be untied by cutting one of the 
strands. This synthetic approach does not 
require metal coordination (6, 7) or host- 
guest interactions (8) and thus greatly ex- 
pands the types of mechanically interlocked 
structures that can be synthesized. 

At the nanoscale, molecular motion is 
less affected by forces that are common to 
typical macroscopic objects, such as grav- 
ity and momentum (9). In contrast, factors 
such as Brownian motion and viscosity 
dominate in the operation of synthetic mo- 
lecular machines. The class of molecules 
known as mechanically interlocked mol- 
ecules provides a way to overcome these 
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challenges; thus, they are key building 
blocks of synthetic machines that operate 
on the molecular length scale, as envisioned 
by Richard Feynman. 

The synthetic work of Segawa et al. dif- 
fers from typical mechanically interlocked 
molecules in that the molecular composi- 
tion of each molecule consists only of rigid, 
sp*-hybridized carbon atoms and edge hy- 
drogen atoms. Their findings show that 
these interlocked carbon nanostructures 
have various distinctive chemical proper- 
ties. For example, the molecular trefoil 
knot shows only a single proton resonance 
in the proton nuclear magnetic resonance 
(H-NMR) spectrum. This is notable given 
that the molecular knot is composed of 24 
individual benzene rings, each of which 
contains four protons. The observation of a 
single resonance rather than 96 individual 
resonances indicates that the molecular 
trefoil knot undergoes ultrafast motion 
on the NMR time scale. This ultrafast mo- 
tion occurs even at —95°C—a temperature 
that would be expected to greatly reduce 
the motion of any typical molecule. Isobe 
and colleagues recently reported a simi- 
lar observation in a carbon-rich molecular 
bearing (JO). Taken together, these studies 
suggest that carbon-rich architectures may 
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Nanocarbons, interlocked 


Mechanically interlocked molecules are important components 
of molecular machines. Segawa et al. report the synthesis of 
such molecules consisting entirely of nanocarbons formed by 


cycloparaphenylenes (CPPs). 


provide a platform to study frictionless mo- 
tion at the nanoscale. 

Beyond molecular motion, a particularly 
interesting consequence of interlocking 
molecules occurs in the case of [2]hetero- 
catenane, in which [12]CPP and a smaller 
macrocycle, [9]CPP, are linked via a me- 
chanical bond (see the figure). Excitation 
of the [2]heterocatenane with light results 
in emission only from the [9]CPP macrocy- 
cle, implying energy transfer from [12]CPP 
to [9]CPP via the mechanical bond. In con- 
trast, excitation of a solution containing 
both noncatenated [12]CPP and [9]CPP 
results in emission from each macrocycle. 
These optoelectronic properties, in combi- 
nation with the mechanical stiffness of the 
structure, render these catenanes promis- 
ing candidates for use in new types of ad- 
vanced sensing materials. 

Many aspects of the electronic and opti- 
cal behavior of these mixed catenane sys- 
tems remain to be explored. Also, it is not 
yet clear through which mechanisms they 
can be switched. From a synthetic stand- 
point, the topological complexity can be 
furthered advanced, yielding interlocked 
structures made of three or more CPPs or 
even perhaps polymeric versions akin to 
molecular chain mail. 
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Interlocking nanotube slices 

The authors create interlocked rings 
(catenanes) and a structure called 

a trefoil knot, with the same chemical 
structure as a nanotube slice. 


Small molecule 
precursor 


Synthesis of 

[12]CPP catenane 

The synthesis starts from small 
molecule precursors and involves 
a silicon templating step. Trefoil 
knots are created in a similar 
stepwise manner. 


As the demand for miniaturized tech- 
nology increases, the ability to shrink 
machines to the nanoscale represents a 
major challenge. The construction of me- 
chanically interlocked molecules provides 
a strong foundation for addressing these 
challenges. As the work reported by Segawa 
et al. shows, it is the imagination and skill 
of synthetic chemists that will continue to 
play a key role in developing new structural 
frameworks. The carbon-rich structures 
that they report will provide focus points 
for nanocarbon research and studies of mo- 
lecular machines. & 
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COLD-ATOM PHYSICS 


Polarons 


leave a trace 


Spin and charge interplay 
leads to stringlike 
excitations in the 2D 
Hubbard model 


By Peter Schauss 


he physics of large many-particle quan- 
tum systems is barely tractable with 
first-principles approaches but can 
often be explored through quantum 
simulation, in which a well-controlled 
system, such as interacting ultracold 
atoms, acts as an analog quantum computer 
for a problem of interest. Great progress has 
been made in the experimental preparation 
of low-entropy states of ultracold atoms in 
optical lattices for this purpose. Typical target 
systems are numerically intractable and not 
realized in nature in their ideal form, such 
as the Fermi-Hubbard model. On page 251 
of this issue, Chiu et al. (7) used single-atom 
and single-site resolved imaging of ultracold 
atoms on a lattice to study the doped Fermi- 
Hubbard model and report the nature of its 
microscopic correlations in real space. 

Hubbard models are a class of models in 
which interacting quantum particles move 
by tunneling between sites on a lattice. Quan- 
tum simulation of the Fermi-Hubbard model 
becomes particularly interesting in the case 
of strong interactions, in which calculations 
on classical computers are very hard and 
limited to small systems. Several mysteries 
remain unresolved, such as the nature of the 
low-temperature quantum phases. 

Chiu et al. tackled the question of the 
interplay of spin and charge in the two- 
dimensional (2D) Hubbard model. They 
found string patterns, which are correlated 
1D excitations in the 2D system. Ultracold 
atomic quantum systems are intriguing 
systems for quantum simulation because 
of their extremely good isolation from the 
environment and superior parameter tun- 
ability (2, 3). Quantum gas microscopes 
can detect hundreds of individual ultracold 
atoms in optical lattices with single-site 
resolution. This enables the quantum simu- 
lation of increasingly complex phenomena 
in the 1D and 2D Hubbard model by use of 
quantum gas microscopes. 
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Although the particle interac- 
tions are simple, the Hubbard 
model contains a wide variety of 
interesting quantum effects. One 
recent breakthrough in quantum 
simulation of the Fermi-Hubbard 
model was the detection of anti- 
ferromagnetic correlations at one 


Strings 
attached 

Chiu et al. studied 
stringlike excitation in 

a lattice of two atomic 
fermions (red and blue). 


overlapping strings and the 
projection of the quantum 
spins caused by the measure- 
ment complicates this analysis. 
To avoid detection bias, they 
used different string detection 
algorithms and compared these 
with simulated data created 


atom per site, called half-filling 
(4-10). These antiferromagnetic 
correlations in a _ spin-balanced 
Fermi lattice system arise as a 
consequence of Pauli blocking, 
the inability of two fermions to 4 
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fet from different theory models. 
4+ 44 The large statistical samples 
4 4 4 needed to observe significant 

numbers of long strings in the 
+ ty systems made the data acquisi- 
4 ¥ #] — tionand evaluation challenging. 


occupy the same quantum state. 
In perturbation theory, this leads 
to a reduction of kinetic energy of 
neighboring spin states with op- 
posite spins compared with equal 


An antiferromagnetically 
ordered state has a 
vacant hole site (gray). 


On the basis of these evalu- 
ations, Chiu e¢ al. finally found 
evidence of the presence of cor- 
related strings. The analytic 
string theory, which is con- 


spins. These correlations can ex- 
tend over the entire system (77). 
In contrast to the 1D Fermi- 
Hubbard model in which spin 
and charge decouple (12, 13), the 
2D case adds fundamental dif- 
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sistent with the experimental 
findings, gives an intuitive view 
on the coupling of spin and 
charge excitations in the Fermi- 
Hubbard model. This study re- 
lies heavily on the repeatable 
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ficulties because of the lack of an 
effective low-energy theory that 
describes the spin and charge in- 
terplay. In particular, Chiu e¢ al. 
studied stringlike excitations on 
the antiferromagnetic background 


The hole moves when 
an atom tunnels into the 
empty lattice site. 


preparation of low-entropy 
samples in the optical lattice 
that can be imaged with single- 
atom and single-site resolution. 
| These findings alone are a dem- 

onstration of the wide range of 
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in the doped Hubbard model be- 
low half filling. The origin of the 
strings can be understood in a 
simple semiclassical picture (see 
the figure). Considering an antifer- 
romagnetically ordered state with e + 


few hole-like excitations, the holes 
shift if a neighboring atom tunnels 
to the empty lattice site. If the hole 
moves over several lattice sites, 
a stringlike excitation stretches 
from the initial to the final hole position, and 
is characterized by inverted antiferromag- 
netic order compared with the background. 

This model is highly simplified. First, the 
system has no preferred spin axis and cannot 
be mapped to classical spins. Also, the temper- 
ature in the real system is finite and leads to 
thermal excitations in the antiferromagnetic 
background. Additionally, the holes influence 
the magnetic correlations around them, and 
the resulting “dressed holes” can be described 
as quasiparticles, known as polarons (/4). 
These polarons can then be thought of as leav- 
ing a trace in the magnetic correlations along 
the path they have taken in the 2D system. 
Because of the variety of different paths, these 
string correlations do not show up as corre- 
lation in two-point correlation functions and 
represent a type of hidden order. 

Chiu et al. used a variety of analysis tech- 
niques to study the statistical distribution 
of these stringlike traces. The possibility of 
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(gray background) 
has inverted antiferro- 
magnetic order. 


[2 a 2, < strongly correlated effects that 

can be directly studied with 

+ + ge quantum gas microscopes (15), 
t+ vy t including hidden order. 

+ we 4 FY The results provide a real- 

a4 space view on the interplay 

The stringlike excitation etwer® he eee ee 

excitations in the Hubbard 


model that is complementary 
to condensed matter experi- 
ments. The theoretical models 
investigated could guide promising new de- 
scriptions of the low-energy behavior of the 
Fermi-Hubbard model. Furthermore, the 
measurements motivate quantum simulation 
using ultracold atoms in optical lattices to ex- 
plore new types of strongly correlated states 
arising in Hubbard systems. 
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MAGNETIC MATERIALS 


An attractive, reshapable material 


Jamming the nanoparticles of a ferrofluid on droplet surfaces creates a soft ferromagnet 


By Rémi Dreyfus 


ermanent magnets are made from 

ferromagnetic materials like iron. 

An external magnetic field can align 

the electron spins, and strong spin- 

spin interactions can keep the spins 

aligned even after the field is re- 
moved. This remanent magnetization re- 
mains unless the material is heated above 
its Curie temperature, at which point ther- 
mal agitation overcomes the spin coupling 
and spins become disordered (1). Materials 
with weaker spin-spin interactions, such 
as aluminum and ferrous oxide, can form 
paramagnets, which become magnetized 
only when an external field is applied. The 
strong spin-spin interactions underlying 
ferromagnetism would seem to require 
the close atomic proximity found in dense 
solids. However, on page 264 of this issue, 
Liu et al. (2) present a way to prepare soft, 
reconfigurable millimeter-size magnets pre- 
pared from small droplets of ferrofluid (3) 
in water. 

Ferrofluids are liquid suspensions, typi- 
cally of iron oxide nanoparticles, which 
can be ferromagnetic or paramagnetic. The 
fluid nature of the system limits the mag- 
netic response to paramagnetic properties. 
The nanoparticles can move within the 
liquid state, so when the magnetic field is 
removed, thermal agitation disorders the 
particles and the fluid cannot support per- 
manent magnetization (3). 

However, in the experiments of Liu e¢ al., 
as droplets of ferrofluid are formed, a sur- 
factant is added to the outer phase, which 
drives the nanoparticles in the droplets 
to the droplets’ surface. They form a very 
closely packed crust of magnetic nanopar- 
ticles. This kind of emulsion, where the in- 
terface is saturated with nanoparticles, is 
called a Pickering emulsion (4), which has 
various potential applications as catalytic 
reactors (5), encapsulating agents (6), or 
even microsensors (7). 

Liu et al. first formed a Pickering emul- 
sion of a ferrofluid where nanoparticles 
covered the interface in a jammed state (see 
the figure). They then applied a magnetic 
field, which allowed the droplets to acquire 
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magnetization. Unlike a conventional fer- 
rofluid, this magnetization remained even 
when the external magnetic field was 
turned off. The formed droplets were there- 
fore ferromagnetic. The authors measured 
the magnetization cycle, which exhibits the 
features of a soft ferromagnetic (J) mate- 
rial—that is, weak remanent magnetization 
and a narrow hysteresis loop. They hypoth- 
esized that the interactions between the 
nanoparticles pinned to the interface and 
the ones remaining in the bulk were re- 
sponsible for this new phenomenon. Even 


In addition to the central interest that this 
study raises concerning the fundamental 
physical origin of this kind of ferromagne- 
tism, the work of Liu et al. should stimulate 
new research in materials science. Indeed, 
materials could be envisioned that would 
exhibit unusual mechanical and magnetic 
properties. For example, by concentrating 
the ferromagnetic droplets into very dense 
suspensions, it could be possible to synthe- 
size porous ferromagnetic materials (9) such 
as magnetic sponges. It may also be possi- 
ble to create elastic ferromagnetic polymer 


A magnet takes shape 


Ferrofluids, suspensions of magnetic nanoparticles, stay magnetized only ina magnetic field. Liu et al. jammed 
these nanoparticles at droplet surfaces to create permanent ferromagnets that could be reshaped. 
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Droplet (1 to 2mm) 


Pickering emulsion of 
jammed nanoparticles 
forms on droplet surfaces. 


Applied magnetic 
field turns a droplet 
into a ferromagnet. 


more astoundingly, they showed how these 
magnets could be shaped and reshaped. 
These results now bring ferromagnetism 
to the world of reconfigurable soft matter, 
whereas until now ferromagnets have been 
limited to hard solids. 

This approach suggests a number of po- 
tential applications. One direct application 
lies in using these materials for external 
actuation systems. For example, there is 
currently a very strong collective effort in 
designing robotic systems made from soft 
materials, which can enable new modes 
of locomotion and object manipulation 
(8). However, actuation of these systems 
remains a challenge, and requires rather 
bulky pneumatic equipment. The ferromag- 
netic materials created by Liu et al. would 
be good candidates as actuation systems if 
embedded within the soft robots, as they 
require only an external magnetic field to 
induce motion. 
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Applied force 
shapes the 
spherical droplet. 


Released droplet 
retains oval shape 
and magnetization. 


films, or even ferromagnetic bicontinuous 
emulsions (bijels) (10). The work of Liu et al. 
challenges the established physics that ferro- 
magnetic magnets can only be made of hard 
materials, not only opening up new perspec- 
tives in direct applications of their material, 
but also enabling a cascade of innovations 
that have not yet been imagined. = 
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Making precision medicine 
personal for cystic fibrosis 


Molecular defects in the cystic fibrosis gene prompt 
creative approaches to treatment 


By Candela Manfredi’, Janice M. Tindall’, 
Jeong S. Hong’, Eric J. Sorscher! 


ystic fibrosis (CF) is an inherited, life- 
threatening disease that primarily in- 
volves exocrine tissues (such as lungs, 
pancreas, and liver) for which highly 
active pharmacotherapies have re- 
cently emerged. More than 1700 
disease-associated variants are described 
in the CF transmembrane conductance 
regulator (CFTR) gene, which encodes an 
epithelial cell ion channel that is defective 
in patients with CF. On the basis of classi- 
fying CFTR mutant proteins according to 
pathogenic mechanisms, the disease has 
been viewed as a model for personalized 
therapeutics. However, CFTR variants may 
have pleiotropic effects, which complicates 
assignment of specifically tailored drugs to 
discrete mechanistic subcategories. In addi- 
tion, the cost of new CFTR modulators con- 
strains third-party reimbursement and has 
delayed drug availability for certain patient 
groups, including individuals with ultrarare 
CFTR variants for which the treatments 
are not formally approved but may still 
be effective. Issues such as these are being 
addressed by innovative and powerful ap- 
proaches to promote CF precision medicine. 
Failure of the CFTR ion channel causes 
altered composition and volume of exocrine 
secretion, giving rise to thick, hypervis- 
cous mucus that obstructs secretory organs 
including the lungs, pancreas, and _ liver, 
and diagnostic findings such as increased 
amount of chloride in sweat. The result- 
ing inflammation, chronic infection, and 
fibrotic scarring of respiratory parenchyma 
represent the major causes of morbidity and 
mortality. For many years, a conceptual ap- 
proach to CF intervention has pursued tai- 
lored small molecules (modulators) designed 
to rescue specific CFTR defects (7-3). These 
are grouped according to errors in CFTR 
protein synthesis (class I), maturation pro- 
cessing of the protein (class II), ion channel 
opening or gating (class III), conductance 
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through the ion-selective pore (class IV), or 
steady-state protein concentrations (class V) 
(see the figure). A separate group (class VI) is 
sometimes used to specify class V CFTR vari- 
ants that disrupt plasma membrane stability 
of the encoded protein (4). 

Personalized treatment strategies based 
on this early annotation have led to im- 
pressive therapeutic progress. Ivacaftor, for 
example, is a “potentiator’-type modula- 
tor (a drug that helps open the CFTR ion 
channel gate). The compound is suitable for 
overcoming certain CFTR class III (gating) 
defects and improves lung function (5). The 
drug has gained U.S. Food and Drug Ad- 
ministration (FDA) approval for 38 CFTR 
variants (it is approved for fewer variants 
elsewhere), comprising ~15% of the patient 
population. In addition, ivacaftor in com- 
bination with lumacaftor (a “corrector” of 
decreased CFTR biogenesis) is marketed for 
individuals with two copies of the class II 
Phe508del CFTR protein maturation abnor- 
mality (~45% of patients; this is the most 
common CFTR mutation) (2). Tezacaftor, a 
corrector that functions similarly to luma- 
caftor, was approved in 2018 by the FDA 
in combination with ivacaftor to treat in- 
dividuals with two copies of Phe508del, 
as well as those who carry one of 26 other 
ivacaftor-responsive CFTR mutations (3). 
These modulators, developed from studies 
of molecular pathogenesis and a personal- 
ized therapeutic strategy, can markedly im- 
prove respiratory manifestations of CF and 
have conferred new optimism worldwide 
among patients, families, and caregivers. 

It was originally anticipated that well- 
established disease subclasses would serve 
as an organizing principle for precision CF 
treatments and help identify specific com- 
pounds for targeting CFTR mutants in a 
mechanism-directed manner. However, it 
has become increasingly clear that most 
CFTR variants result in not just one, but nu- 
merous subclasses of molecular defects in 
the CFTR protein, which makes personalized 
approaches complex. For example, the Phe- 
508del mutant exhibits not only inadequate 
biogenesis (the traditional class II grouping), 
but also improper gating (class III) and in- 
creased plasma membrane turnover (class V) 
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(6). Class I mutants, such as Glu831X (where 
X indicates premature stop), might be pre- 
dicted to show no response to currently avail- 
able modulators owing to CFTR messenger 
RNA (mRNA) instability and protein trunca- 
tion. However, a fraction of Glu831X CFTR 
mRNA can produce full-length protein lack- 
ing only amino acid 831, which maintains 
residual activity (7). Accordingly, individuals 
with the Glu831X mutation are approved by 
the FDA to be treated with ivacaftor with or 
without tezacaftor. Numerous CFTR mRNA 
splicing defects (class V) generate proteins 
with large deletions or insertions and might 
otherwise be expected to exhibit negligible 
response to drugs such as ivacaftor. How- 
ever, certain of these class V CFTR mutants 
produce alternatively spliced mRNA (e.g., 
2789+5G—A, 3272-26A—>G, 3849+10kbC—T) 
and reduced CFTR protein with residual 
function, and patients with these muta- 
tions are approved for ivacaftor treatment 
with or without tezacaftor. Thus, there is a 
need to recast some original assumptions 
that underlie CFTR mutation-tailored 
therapies for CF. 

In agreement with the observation that 
CFTR variants are mechanistically pleio- 
tropic, modulator drugs developed for a 
specific CFTR mutation or CFTR variant 
subcategory typically exhibit a broad spec- 
trum of activity (8). For example, ivacaftor 
as single agent or in combination with 
tezacaftor leads to clinical benefit across all 
five mechanistic categories (see the figure). 
Similarly, emerging triple drug combination 
therapies (TCTs, e.g., ivacaftor in combina- 
tion with tezacaftor and elexacaftor) have 
undergone extensive clinical testing (9). 
Elexacaftor appears to work through a Phe- 
508del corrector mechanism independent 
from tezacaftor and enhances overall clini- 
cal effectiveness. TCTs have the potential 
to benefit a sizable majority of individuals 
with CF worldwide because the agents are 
directed toward patients with at least one 
allele encoding Phe508del CFTR. 

Even if the promise of TCT is fully real- 
ized, thousands of patients will continue 
without effective modulators owing to 
refractoriness of the underlying mutant 
protein (e.g., those with untreatable mecha- 
nistic defects such as premature trunca- 
tion, mRNA splicing defects, abnormal ion 
conductance, or aberrant protein folding). 
These patients highlight the continuing 
need to better understand intransigent 
CFTR pathophysiology and advance treat- 
ment of disease sequelae such as glandu- 
lar obstruction by mucus (mucostasis), or 
respiratory infection and inflammation. 
Other individuals with CF have been unable 
to obtain modulator treatment because the 
mutations they possess are exceedingly rare. 
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Recent estimates describe over 1000 CFTR 
variants represented by fewer than five pa- 
tients each (10). Establishing processes so 
that individuals with poorly characterized 
or ultrarare CFTR variants can access effec- 
tive modulator treatment remains one of 
the most vexing challenges in the field. 
Many drugs approved by government 
regulatory agencies for one condition also 
show robust activity in other clinical set- 
tings. Despite lack of formal regulatory 
approval for these other indications, phy- 
sicians are generally allowed flexibility to 
prescribe the treatments (with third-party 
insurance reimbursement) if patient benefit 
is anticipated. A difficulty arises in the case 
of CFTR modulators, however, because of 
high treatment cost (over $300,000 annu- 
ally for certain regimens). Barriers to reim- 


3, double-blind placebo-controlled trial (of- 
ten required by regulatory agencies) is not 
possible. 

Innovative strategies have been devised 
to address the complex issue of drug autho- 
rization for ultrarare CFTR variants. For ex- 
ample, in part because pronounced clinical 
benefit from modulator treatment can often 
be obtained within a matter of weeks, N-of-1 
trials have been evaluated. Such studies are 
designed so that individual patients with 
ultrarare mutations are monitored before, 
during, and after experimental treatment for 
evidence of improved disease manifestations. 
N-of-1 trials may be combined to encourage 
expanded drug approvals, but it can be dif- 
ficult to show consistent modulator benefit 
in small cohorts, even those with identical 
CFTR genotypes. This is due to differences 


Disease-causing mutation subclasses in cystic fibrosis 

There are over 1/00 cystic fibrosis (CF) transmembrane conductance regulator (CFTR) mutations, which 
are classically divided into five categories based on pathogenic mechanism. Thirty-nine CFTR mutations 
are approved by the U.S. Food and Drug Administration for modulator treatment. The proportion of patients 
with CF and at least one mutation in a subclass and the proportion of those patients who can receive 
modulators are indicated. Figures are based on publicly available data (13). 


Class I I il IV V 

Type of mutation Protein Maturation lon channel lon channel Reduced 
synthesis processing gating conductance __ protein 

Example of modulator- Glu831X Phe508del/ Gly551Asp Argl17His 3849+ 

approved mutation Phe508del 10kbC>T 

Representative Ribosome Plasma 

cellular compartment membrane, 

where defect occurs ~O- 

Patients with mutation class* 22% 88% 6% 6% 

Patients with a modulator- <0.5% 39.2% 46% 2.6% 3.5% 


approved genotype 


*Patients with heterozygous CFTR variants in two classes are counte 


bursement have blocked modulator access 
in the United Kingdom and other countries, 
and drug expense can be a limiting eco- 
nomic burden for U.S. third-party payers, 
where insurance coverage for modulators 
has generally been restricted to patients 
with genotypes for which the drugs are for- 
mally approved. For example, variants with 
FDA approval comprise 39 CFTR mutations 
from among more than 1700 associated 
with the disease. Although many patients 
with ultrarare mutations would likely ben- 
efit from modulators already approved 
for other genotypes, access is constrained. 
Moreover, an attempt to broaden approval 
and include additional CFTR genotypes 
presents a formidable challenge. The num- 
ber of patients with a particular ultrarare 
mutation is typically so small that a phase 
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in, for example, age, past environmental 
exposures, chronic lung scarring, inflamma- 
tion, severity of infection, and disease trajec- 
tory. As an alternative approach, patients 
with similar molecular phenotype (e.g., re- 
sidual CFTR function determined by in vitro 
testing), or evidence of mild clinical disease 
(pancreatic sufficiency or sweat chloride 
value in an intermediate range), have been 
evaluated in a manner less bound by specific 
gene defect or mutation subcategory (3). For 
a cohort of patients with rare variants that 
can be meaningfully classified according to 
strong mechanistic rationale, a pronounced 
clinical response to CFTR modulators may 
be useful for broadening the regulatory indi- 
cation for the entire group (17). 

In recent, path-breaking decisions from 
the FDA, ivacaftor approvals were extended 
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to comprise rare variants by applying in vi- 
tro data (10). The idea that compelling in 
vitro findings could contribute to modula- 
tor approval represents an innovative shift 
in CF personalized medicine. In vitro sys- 
tems capable of predicting CF clinical im- 
provement provide a compelling means to 
rationally expand drug access to patients 
with ultrarare genotypes. Well-validated 
cell models expressing recombinant CFTR 
mutants, CF intestinal organoids (cell cul- 
tures that form three-dimensional systems), 
and other cell-based strategies have been 
advanced for this purpose (JO, 12). 

A single modulator or combination treat- 
ment can markedly improve disease pheno- 
type for a large number of divergent CFTR 
molecular defects. A global potentiator of 
CFTR gating, for example, might favorably 
enhance ion transport across numerous 
CFTR variant mechanistic subcategories. 
Corrector agents that augment CFTR bio- 
genesis typically confer improvement 
across multiple classes of variants. Based on 
the experience from CF, it is reasonable to 
imagine that similar drug versatility might 
be expected for other inherited conditions, 
including those with a considerable array of 
genetic abnormalities, such as adrenoleu- 
kodystrophy, certain muscular dystrophies, 
Pompe disease, etc. Specialized tools and 
leading-edge patient protocols are already 
being applied in the clinical setting toward 
the objective of making precision medicine 
more personal, and less strictly focused 
on subclasses of disease. Thus, emerging 
tailored therapies will be refined (for CF, 
cancer, inflammatory disorders, neurode- 
generative conditions, and others) with in- 
creasingly informative data directed toward 
knowing what works best rather than rely- 
ing on genotype alone. 
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Tongues untied 


Fossil evidence reveals how jaws, ears, and tongues evolved in mammals and their relatives 


By Simone Hoffmann! and 
David W. Krause? 


he early embryos of mammals and 

other vertebrates typically have six 

pharyngeal arches, tissue bands under 

the early brain that develop into struc- 

tures of the head and neck. The first 

arch gives rise to the mammalian mal- 
leus and incus (middle ear bones), mandible 
(part of the lower jaw), and tympanic bone 
(which supports the ear drum); the second, 
the stapes (middle ear bone) and part of the 
hyoid bone (a horseshoe-shaped structure in 
the neck); and the third, the remainder of 
the hyoid. Although the evolutionary tran- 
sition of the first pharyngeal arch is well 
documented by fossil evidence, those of the 
second and third arches have received little 
attention in the developmental and paleon- 
tological literature. On page 276 of this issue, 
Zhou et al. (1) report on a newly discovered 
165-million-year-old fossil from China in 
which the bones of the first three pharyngeal 
arches are preserved. The fossil defines a 
new taxon named Microdocodon. 

The separation of the middle ear bones 
from the lower jaw is one of the more as- 
tonishing examples of convergent evolution 
in mammaliaforms—mammals and _ their 
closest fossil relatives. This transition has 
occurred independently at least three times 
(see the figure). The tiny incus and malleus 
bones that transmit sound in today’s mam- 
mals were once large and attached to the 
lower jaw, and aided in jaw movement. This 
complex morphological transition is chron- 
icled by fossil evidence (2-5), and the devel- 
opmental and genetic processes that drove 
this transition are well characterized (6-9). 

Microdocodon belongs to an early mam- 
maliaform offshoot called docodontans, an 
extinct group widely distributed on northern 
continents in the Middle Jurassic through 
Early Cretaceous epochs, 174 to 100 million 
years ago (10). Like reptiles, the middle ear 
bones of docodontans were fully attached to 
the lower jaw (J, 10). However, Microdocodon 
has a mammal-like hyoid. The nearly com- 
plete preservation in Microdocodon allowed 
Zhou et al. to identify poorly characterized 
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hyoid elements in other fossil mammalia- 
forms, all of which exhibit a mammal-like 
pattern (see the figure). 

The findings of Zhou et al. are fascinat- 
ing from a developmental and functional 
perspective. In mammals, the hyoid is posi- 
tioned at the base of the tongue and is cru- 
cial for tongue movements used in suckling 
or in swallowing chewed food. As a result, 
the hyoid of most mammals has a relatively 
complex configuration, with several mobile 


joints and large attachments for tongue and 
throat muscles (77). In contrast, the hyoid in 
reptiles is simple and has limited utility in 
pushing unchewed food through a relatively 
nonmuscular throat (1). Microdocodon dem- 
onstrates that the transformation of the sec- 
ond and third arches to a mammal-like hyoid 
occurred early in mammaliaform evolution 
and likely allowed for a more complex intake 
of food, enabled by a highly mobile tongue. 
Zhou et al. note that the mammal-like hyoid 


Development and evolution of pharyngeal arches 

Transformation of the first pharyngeal arch into the mandible and mammalian middle ear (MME) bones 
occurred multiple times in mammaliaform evolutionary history, whereas development of the second and third 
pharyngeal arches into the hyoid bone occurred early in mammaliaform evolution and possibly only once (1). 
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morphology might have coevolved with com- 
plex teeth that were able to masticate food, 
possibly as early as in the Late Triassic epoch 
(205 million years ago), as seen in fossils of 
the early mammaliaform Morganucodon. 

Evidence from the newly discovered fos- 
sil further suggests that formation of the 
second and third arches into a mammal- 
like hyoid predates the ontogenetic separa- 
tion of the middle ear from the lower jaw. 
Embryological growth of selected modern 
mammals supports the independent de- 
velopment of arches. In marsupials and 
monotremes, the hyoid is fully functional 
and is used in suckling immediately after 
birth, whereas the separation of the middle 
ear from the lower jaw does not occur un- 
til much later, after day 20 (6-9, 12). The 
pattern holds true in placental mice as well; 
the hyoid is fully functional at birth, but 
the separation of the middle ear from the 
lower jaw starts at postnatal day 2, earlier 
than in monotremes and marsupials. Both 
fossil and developmental evidence suggest 
that mammal-like chewing and swallowing, 
with relatively complex tongue and hyoid 
movement, preceded the evolution of a fully 
functional middle ear. 

The mammal-like hyoid appears to have 
evolved early and only once, whereas the 
separation of the middle ear bones from the 
lower jaw occurred multiple times conver- 
gently and relatively late in mammaliaform 
evolution (see the figure). The transformation 
of the second and third pharyngeal arches in 
mammaliaforms is decoupled and indepen- 
dent from the morphological changes of the 
first arch. Zhou et al. have opened the door 
to more thorough investigations of the inter- 
dependence or independence of pharyngeal 
arch evolutionary development. 
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NEURODEGENERATION 


The vascular side 
of Alzheimer's disease 


Protein aggregates restrict cerebral blood flow, 


which causes neural injury 


By Arthur Liesz 


lzheimer’s disease (AD) is largely con- 

sidered to be caused by aberrant amy- 

loid 8 (AB) protein accumulation in 

the brain. Despite the current focus 

on AB (J), multiple lines of evidence 

indicate an important vascular con- 
tribution to AD. AB accumulation induces 
neurovascular dysfunction, which results in 
morphological as well as functional changes 
of the microvasculature, such as an impaired 
reactivity of capillaries in response to neuro- 
nal activity. Yet the mechanisms of these as- 
sociations are largely unclear. On page 250 of 
this issue, Nortley et al. (2) demonstrate that 
pericytes—contractile cells that wrap around 
the endothelial cells of capillaries—link AB 
to vascular dysfunction in AD. This suggests 
pericyte-driven mechanisms as new avenues 
of therapeutic approaches for AD. 

During the lifetime of Alois Alzheimer in 
the early 20th century, dementias were pri- 
marily perceived as a vascular dysfunction; 
this was because of the prevalence of focal 
behavioral symptoms (e.g., speech deficits) 
in dementia patients and the evidence for 
vascular pathologies in these patients. How- 
ever, the vascular contribution to dementias 
is currently considered controversial, owing 
to the prevailing idea of “Alzheimerization” 
(3), whereby the deposition of AB (rather 
than vascular dysfunction) is predominantly 
attributed as the proposed molecular basis 
for neurodegeneration and cognitive impair- 
ment in AD. 

By contrast, accumulating evidence high- 
lights the relevance of vascular dysfunction 
in AD: Genetic studies have identified several 
cardiovascular risk genes that substantially 
increase the risk for AD (4); neuropathologi- 
cal studies show that up to 80% of diagnosed 
AD patients have vascular pathologies such 
as microinfarcts and atherosclerosis of ce- 
rebral arteries (5, 6); and A®-driven animal 
models also show morphological changes 
at the microvascular level (7). Besides these 
morphological changes in the cerebral vascu- 
lature, AD is also associated with functional 
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impairment: Cerebral blood flow and cere- 
brovascular reactivity (the response to a vaso- 
dilatory stimulus) are reduced (7). Moreover, 
cardiovascular risk factors (CVRFs) are asso- 
ciated with increased AG in the brain; indeed, 
the therapeutic control of CVRFs is currently 
the most efficient available therapy for mild 
cognitive impairment and AD (8, 9). 

These findings suggest a pathophysiologi- 
cal concept in which AB accumulation and 
injury to the neurovascular unit (NVU; the 
functional and anatomical unit composed 
of the endothelium with the surrounding 
pericytes, smooth muscle cells, glia, and 
neurons) are cofactors in AD. NVU injury— 
independent of Af toxicity—has multiple 
causes, such as hypertension, diabetes, and 
atherosclerosis, which affect the cerebrovas- 
cular system at different sites ranging from 
large-artery changes to microvascular dys- 
function. In this two-hit model of AD, AB and 
NVU injury each represent independent pre- 
disposing factors for vascular and cognitive 
dysfunction, respectively (0). This model 
provides an elegant explanation for the ob- 
servation that not all individuals with Af ac- 
cumulation develop clinical symptoms—that 
is, because vascular dysfunction might also 
be required (6). Neurovascular dysfunction 
and the resulting chronic hypoperfusion 
can have deleterious effects on neuronal ho- 
meostasis leading ultimately to neuronal cell 
death. Moreover, acknowledging the multi- 
factorial etiology of AD poses an opportunity 
for extending criteria to improve individual- 
ized diagnosis and develop future therapies 
beyond AB-targeted strategies by including, 
for example, imaging-based biomarkers of 
morphological (e.g., microinfarcts) or func- 
tional (e.g., vascular reactivity) vascular im- 
pairment in the diagnostic workup. 

Pericytes play a major role in cerebral 
blood flow regulation because the pericyte- 
wrapped capillaries have the highest resis- 
tance in the cerebrovascular system. Hence, 
targeting pericyte function could have a 
substantial impact on brain perfusion and 
metabolism, and thereby may reduce NVU 
injury and potentially AD symptoms. Nort- 
ley et al. identify oxidative stress—mediated 
by AB-induced increase of reactive oxygen 
species (ROS)—as a key molecular pathway 
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Pericytes constrict capillaries 


Oxidative stress induced by AB toxicity causes pericyte 
constriction of brain capillaries through ROS-ET1-ET, signaling. 
This dysfunction of the neurovascular unit can lead to chronic 
hypoperfusion, exacerbating neurodegeneration and cognitive 


dysfunction in Alzheimer’s disease. 


Microglia or 
macrophage 


AB, amyloid 8; ET1, endothelin-1; ET,, 
endothelin receptor; ROS, reactive 
oxygen species. 


leading to pericyte constriction (see the fig- 
ure). ROS induced the release of endothelin-1 
(ET1), a molecule that induces pericyte con- 
striction via ET, receptors to cause vascular 
dysfunction in AD (2). Oxidative stress has 
been consistently described as a hallmark 
pathophysiological cascade contributing to 
AD and mild cognitive impairment. ROS are 
druggable targets, and a large body of evi- 
dence demonstrates neuroprotective effects 
of ROS inhibition in AD (JJ). It is very likely 
that AB-mediated oxidative stress has pleio- 
tropic effects on the NVU, including effects 
on endothelial and innate immune cells at 
the NVU. These immune cells (such as mi- 
croglia and perivascular macrophages) are 
the main producers of ROS and have previ- 
ously been implicated in the pathogenesis of 
vascular dysregulation in NVU injury (72), al- 
though their communication with pericytes 
in AD and their involvement in NVU injury 
is largely unclear. 

Beyond the direct interaction of AB with 
NVU function, additional vascular mecha- 
nisms have been described in AD animal 
models that could contribute to NVU dys- 
function, AB burden, and neuronal stress. 
Amyloid drainage via interstitial flow and 
meningeal lymphatics is reduced in AD (13, 
14). Impaired drainage could lead to substan- 
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Exacerbating 
dementia 


tially increased local AB concentra- 
tions in the perivascular space in 
late-stage AD. The compartmental- 
ized interactions of AB deposition 
within the impaired NVU as both 
a cause and a consequence of lo- 
cally increased A$ burden are still 
insufficiently understood. This will 
require further detailed analysis in 
preclinical AD models to elucidate 
the triad of the immune-vascular- 
Af function at the NVU. 

Nortley et al. studied the im- 
pact of exogenous AP in living hu- 
man brain tissue obtained during 
neuro-oncological biopsies. In this 
model, AB induced pericyte con- 
striction, leading to reduced cap- 
illary diameters. Interestingly, AB 
load in human biopsies correlated 
with the reduction of vascular di- 
ameter close to pericytes, suggest- 
ing a causal function of AB burden 
in vasoconstriction. However, these 
findings were obtained mainly in 
ex vivo cultures and in few patient 
samples. Recent clinical trials aim- 
ing to directly reduce AB burden 
using A8 monoclonal antibodies 
would have been ideal scenarios 
to directly test the impact of AB 
load on vascular dysfunction in liv- 
ing AD patients. However, none of 
these trials included vascular dys- 
function as an outcome parameter. 

The failure of AB antibody therapies to 
improve cognitive outcome in large clinical 
trials might indicate that the reduction in 
AB per se might not be the key or perhaps 
not even a direct cause of neurodegeneration 
and dementia (15). Might vascular dysfunc- 
tion indeed be an intermediate pathophysi- 
ological process between AB accumulation 
and neurodegeneration? It is now time to 
reassess vascular dysfunction as a relevant 
therapeutic target for combination therapies 
to improve the treatment of AD. & 


Brain 
capillary 


Pericyte 
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Stress 
signaling in 
pain control 


Endoplasmic reticulum 
stress can drive chronic 
pain, revealing a new target 


By Tony Avril’? and Eric Chevet'” 


he control of chronic pain has become 

a major public health concern because 

frequent prescriptions for opioids to 

control pain leads to increasing risks 

for abuse and overdose-related deaths. 

Therefore, in order to develop new 
therapeutic approaches that are as efficient 
as current treatments but with reduced ad- 
verse effects, a better understanding of the 
underlying cellular and molecular mecha- 
nisms involved in chronic pain is required. 
On page 248 of this issue, Chopra et al. (1) 
demonstrate that signaling by inositol-re- 
quiring enzyme la (IREla)-X-box binding 
protein spliced (XBPIs), which is induced 
by endoplasmic reticulum (ER) stress, en- 
hances prostaglandin synthesis and release 
by myeloid cells, contributing to chronic 
pain in mouse models. This study reveals a 
new therapeutic approach for attenuating 
chronic pain behavior. 

Chronic pain is a major source of suffer- 
ing and disability, occurring after an initial 
injury. Interactions between the nervous 
and immune systems regulate the devel- 
opment of chronic pain (2). Indeed, it has 
become evident that these systems commu- 
nicate closely to protect tissues and nerves 
from injury. Immune cells release extra- 
cellular factors that in turn can activate 
nociceptive neurons and the neural pain 
pathway. As such, in response to injury, 
macrophages (which are sentinel myeloid 
cells present throughout the body), and 
monocytes (which are blood-borne myeloid 
cells), are prominently recruited to inflam- 
matory sites during tissue injury. A role for 
macrophages and monocytes in chronic 
pain has been extensively demonstrated 
(3); however, the precise molecular mecha- 
nisms by which these cells exert their func- 
tions remain to be fully characterized. For 
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example, how these cells produce inflam- 
matory cytokines, growth factors, and lipids 
that can act directly on nociceptor neurons 
to transduce electrical signals to the central 
nervous system that are perceived as pain is 
not fully understood. 

A previously unknown role of IREla- 
XBPIs on the synthesis of the lipid pros- 
taglandin E2 (PGE,) is now provided by 
Chopra et al. PGE, is a well-known lipid 
mediator that contributes to inflammatory 
pain (4). Therefore, most of the nonsteroidal 
pain killers currently used, including aspirin 
and ibuprofen, inhibit enzymes involved in 
PGE, biosynthesis. However, their long-term 
effects and efficiency remain limited. In 
myeloid cells, PGE, is synthesized by micro- 


mostly through its ribonuclease activity by 
either contributing to nonconventional splic- 
ing of the messenger RNA (mRNA) encoding 
the potent transcription factor XBPls or by 
promoting degradation of select mRNAs and 
microRNAs (miRNAs) that contain a spe- 
cific consensus sequence for cleavage, likely 
in a cell type-specific manner. This activity 
is called regulated IREla-dependent decay 
(RIDD) of RNA (6, 9). 

IREla signaling is also involved in many 
physiological processes beyond the UPR, 
including cell differentiation, lipid ho- 
meostasis, inflammation, and pathological 
processes such as diabetes, degenerative 
diseases, and cancer (JO). Chopra et al. show 
that IREla-XBPIs signaling is induced by 


Chronic pain signaling 


The expression of mPGES1 and COX2 is controlled by IREla-XBP1s in myeloid cells, inducing the release 
of PGE, and the activation of nociceptive neurons, in turn leading to chronic pain. Pharmacological 
inhibition of IREla-XBP1s signaling in myeloid cells may control chronic pain. 
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COX2, cyclo-oxygenase 2; IREla, inositol-requiring enzyme la; mPGES1, microsomal prostaglandin E-synthase-1; . 


PGEg, prostaglandin E2; XBP1s, X-box binding protein spliced. 


somal prostaglandin E-synthase-1 (mPGES1), 
which is the terminal enzyme downstream 
of cyclo-oxygenase 2 (COX2), the other key 
enzyme involved in the inducible PGE, syn- 
thesis cascade (5). The enzymatic reactions 
leading to the production of PGE, occur at 
the perinuclear membrane and the ER. 

The functionality and homeostasis of the 
ER is ensured by an adaptive signaling path- 
way called the unfolded protein response 
(UPR), which is activated when ER _ ho- 
meostasis is disrupted, known as ER stress 
(6). The UPR is mediated by three sensors: 
IREla, PRKR-like ER kinase (PERK), and 
activating transcription factor 6a (ATF6qa) 
(7). The most conserved arm of the UPR is 
mediated by IREla, a dual kinase and ribo- 
nuclease that is resident in the ER membrane 
(8). IREla exerts its functions in the UPR 
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ER stress in myeloid cells after engagement 
and activation of Toll-like receptors (which 
sense microbial molecules) and regulates 
the expression of both COX2 and mPGES1 
to control their production of PGE,. Using 
PGE,-dependent mouse models of pain, the 
authors demonstrate that both genetic and 
pharmacologic impairment of the IREla- 
XBPIs signaling pathway leads to an attenu- 
ation of the pain behavior (see the figure). 
Some of the most used chronic pain treat- 
ments lead to addictive behaviors (17). For 
example, opioids (such as oxycodone, hydro- 
codone, codeine, and morphine) act through 
specific G protein-coupled receptors (GPCRs) 
expressed on neuronal cell membranes (such 
as from dorsal root ganglion neurons), to 
reduce signal transmission of nociceptive 
neurons mostly by attenuating neurotrans- 
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mitter release (12). When administered at 
appropriate doses, opioids are effective not 
only at eliminating pain but preventing its 
recurrence in long-term recovery. However, 
long-term administration of these drugs can 
lead the way for opioid misuse, leading to 
addiction and overdose-related deaths. As 
such, pharmacological alternatives to con- 
trol chronic pain could be an opportunity to 
reduce the burden of opioid dependency and 
fatality. Drugs that directly target the PGE, 
synthesis pathway are currently under de- 
velopment, such as the Celecoxib family of 
mPGES1 inhibitors, two of which are under- 
going evaluation in clinical trials (73). 

As proposed by Chopra et al., targeting 
IREla-XBP1 might provide new therapeutic 
approaches to tackle chronic pain. In this 
context, the increasing number of IREla in- 
hibitors [targeting either the kinase or the 
ribonuclease domain (14)] developed for the 
treatment of pathologies including neurode- 
generative or metabolic diseases as well as 
cancer could represent appealing candidates 
for chronic pain control to be used alone or 
in combination or alternation with lower 
doses of opioids. Currently, it is difficult to 
define whether kinase or ribonuclease in- 
hibitors would be more appropriate because 
in the study by Chopra et al., both types of 
inhibitors led to similar pain attenuation 
in mice. Moreover, one might also antici- 
pate that pharmacologic inhibition of IREla 
could reduce neurotransmitter production 
by nociceptive neurons by disturbing the ho- 
meostasis of the secretory pathway (which is 
regulated by the ER). Consequently, such in- 
hibitors would not only reduce pain through 
preventing PGE, production by myeloid cells 
but also by reducing the activity of nocicep- 
tive neurons. The latter requires validation 
in relevant animal pain models. 
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Apollo, 
in context 


Two tomes paint 
vivid historical 
portraits of Apollo 11 


By Asif Siddiqi 


n the evening of 13 December 1972, 
about a quarter of a million miles 
from Earth, 38-year-old Eugene Cer- 
nan stepped off the surface of the 
Moon and clambered back into his 
fragile and temporary home, a four- 
legged landing vehicle named Challenger. 
The ungainly contraption was set down in 
Mare Serenitatis, a vast lava plain on the 
Moon, where Cernan and his colleague Har- 
rison “Jack” Schmitt, a geologist, had spent 
the past 3 days collecting rocks. A day later, 
the two men lifted off from the Moon and 
headed back to Earth, collecting their third 
crewmember, Ron Evans, who had patiently 
waited in lunar orbit in the mother ship, 
America. So ended NASA’s Apollo program, 
which having spent $25 billion (about $290 
billion in today’s money) put a dozen Ameri- 
cans on the Moon between 1969 and 1972. 

Few technical achievements of the 20th 
century have been so mythologized in the 
popular imagination. Textbooks regularly 
mark the Moon landing as one of the greatest 
achievements of human civilization. Is there 
anything left to say about Apollo? 

If the public perception of Apollo remains 
wedded to grand historical narratives about 
exploring the unknown, professional his- 
torians have, for the most part, resisted the 
triumphalist urge and instead interpreted 
Apollo as a manifestation of a Cold War bat- 
tle between adversarial superpowers. In this 
reading, Neil Armstrong’s first step on the 
Moon on the evening of 20 July 1969 was as 
much about the human spirit to explore as it 
was cold hard political gamesmanship. 

John F. Kennedy’s famous speech to Con- 
gress in 1961 calling on the nation to set a 
goal of “landing a man on the moon and re- 
turning him safely to the earth” has provided 
a convenient starting point for most histories 
of Apollo—and there have been many. In the 
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decades since the landing, library shelves 
have filled with hundreds and hundreds of 
tomes on the topic. They have generally fa- 
vored three basic frameworks, the most ubiq- 
uitous being the astronauts-centered history. 
Another school has focused on the high poli- 
tics of Kennedy, Johnson, and Nixon. Last, a 
smaller canon has excavated the project from 
the perspective of managers and engineers. 

Among literally dozens of new books on 
Apollo, all timed to coincide with the 50th 
anniversary of the Moon landing in July 
2019, two books exemplify both old and new 
tropes. James Donovan's Shoot for the Moon 
has been touted by none other than Apollo 
11 astronaut Michael Collins, who recently re- 
marked, “This is the best book on Apollo that 
I have read.” Donovan’s strength is his breezy 
and journalistic writing style that weaves to- 
gether a vast and complicated set of stories 
from all levels of Apollo. 

If Donovan’s book is a by-the-numbers re- 
telling that is also a familiar one, Fight Years 


Eight Years to the Moon Shoot for the Moon 
Nancy Atkinson James Donovan 
Page Street Publishing, Little, Brown, 2019. 
2019. 240 pp. 464 pp. 


Published by AAAS 


to the Moon by Nancy Atkinson takes us into 
less-familiar aspects of the history, benefiting 
in many ways from a burst of recent schol- 
arship. This book functions as a kind of cor- 
rective to the ubiquitous heroic narrative of 
politicians and astronauts. 

The overall beats of Donovan’s story will 
be familiar to many. For example, he captures 
the intimate world of Wernher von Braun, 
the visionary German rocket designer who 
was captured by Americans after World War 
II. Von Braun was brought to Texas and even- 
tually to Alabama, where, in the 1960s, he di- 
rected the project to develop the giant Saturn 
V rocket that sent Apollo to the Moon. 

Very succinctly, Donovan describes von 
Braun as “a handsome, charming ex-SS of- 
ficer who had been the chief architect of an 
ambitious rocket program that had killed 
thousands during the war—and who now 
spread the gospel of space exploration to 
Americans in Walt Disney TV specials.” What 
he leaves unsaid is as important: that more 
people died building the V2—as slave prison- 
ers in Nazi concentration camps—than the 
rocket actually killed. Although Donovan 
glosses over this, von Braun’s team’s culpabil- 
ity for crimes against humanity is fundamen- 
tal to any reckoning with the legacy of Apollo. 

Donovan’s narrative is a well-crafted one. 
It is one of the rarest of Apollo books that 
manages to weave together the political, the 
technical, and the heroic. We get vivid de- 
scriptions of managers struggling with diffi- 
cult decisions, such as the directive that sent 
the first Apollo spacecraft around the Moon 
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in late 1968, a recommendation that was one 
of the most risky in the entire program. 

Donovan’s account of this mission, Apollo 
8, is one of the best in print, communicating 
the sheer hubris of sending three astronauts 
into deep space with only one chance—the 
foolproof firing of the Apollo command and 
service module’s SPS engine—to get back to 
Earth. It is hard to think of a NASA mission 
that was more risky but even harder to imag- 
ine the Moon landing happening without it. 

In Donovan's hands, the actual landing 
mission, Apollo 11, reads like a thriller. We 
know the ending, of course, but the contin- 
gencies of the mission—points at which the 
flight could have failed—are so many that 
their cumulative power communicates how 
miniscule the margins were. In a million 
possible scenarios, the Hagle lunar module 
lander crashes on the Moon with no way 
back for the astronauts. They did, of course, 
come back, and Donovan’s narrative wraps 
up rather abruptly with a few cursory para- 
graphs about the postflight visits of the 
Apollo 11 astronauts to foreign countries. He 
concludes on a pithy note: “By the time the 
crew returned home, they understood that 
their lives would never be the same.” 

In Eight Years to the Moon, the astronauts 
and the technical details of the missions are 
still present, but we get insight into the tens 
of thousands of others who participated in 
and shaped Apollo. We hear, for example, 
about Ken Young, one of the first engineers 
hired at the Manned Spacecraft Center in 
Houston in the early 1960s. When he arrived, 
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Young knew that he would be working on 
something to do with space but “didn’t have 
a clue” exactly what his job would be. Stories 
such as this give the reader a sense of the 
team’s commitment, its creativity, and often 
its confusion. When the Moon program was 
announced in 1961, many, such as rocket en- 
gineer Henry Pohl, were “dumbfounded” at 
the audacity of the challenge. 

In weaving through the lives of engineers 
at NASA, Atkinson takes us to the drafting 
tables, engine test stands, smoky offices, and 
newly minted homes in Houston where the 
vast architecture of Apollo—its rockets, its 
spaceships, its tracking stations, its training 
centers, and its launch sites—was conceived. 
There are wonderfully vivid accounts of life in 
Houston, for example, where, lacking air con- 
ditioning in the sweltering heat, engineers’ 
wives and kids would spend afternoons in 
bathtubs filled with cool water. 

Atkinson is sensitive to those who were 
written out of the history of Apollo, particu- 
larly women. She integrates into the story the 
work of “computers’>—women who made im- 
measurable contributions in ground support. 

Atkinson’s writing situates the story of the 
program’s female African-American comput- 
ers, whose story was documented in Margot 
Lee Shetterly’s 2016 Hidden Figures, in the 
broader world of the technical development 
of Apollo. It would be an oversimplifica- 
tion to think of these women as functioning 
only as people who entered data, she argues. 
Some, including Dottie Lee, were involved in 
“designing and testing vehicles, not just run- 
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Glynn Lunney participates in a simulation exercise at 
Mission Control in Houston, Texas (left). Buzz Aldrin 
stands near the lunar module on the Moon (right). 


ning the numbers.” Of course, this was largely 
a male-dominated and sexist engineering cul- 
ture, but the role of women, both as techni- 
cal support personnel and in unpaid roles as 
caregivers, cannot be overstated. 

Like Donovan, Atkinson takes us into the 
heartbeat of the missions, but her narrative 
shows how the flights leading up to the land- 
ing were just the visible tip of a massive so- 
cial, technical, and cultural enterprise. 

Remarkably, her description of the Apollo 
11 landing mission contains some previously 
unknown tidbits. She highlights, for exam- 
ple, the very dangerous uncontrolled reen- 
try of the abandoned service module, which 
could have interfered with the reentry of 
Armstrong, Aldrin, and Collins as they sped 
toward Earth’s atmosphere after completing 
the landing goal. Atkinson notes dryly that 
“somehow, the details and documentation of 
this anomaly were lost for nearly fifty years.” 

Based on a vast amount of original re- 
search and embellished with a suite of won- 
derful photographs, Atkinson’s book is one 
of the best books published on Apollo. It is a 
surprisingly short work but a masterful one, 
communicating the enormity of the social 
and technical task that tens of thousands of 
Americans took on in the 1960s to achieve 
John F. Kennedy’s goal. 
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The ethics of opioids 
A bioethicist’s harrowing encounter with prescription 
painkillers highlights systemic health care problems 


By Daniel Z. Buchman 


magine having your foot pinned be- 
tween a moving van and a motorcycle 
and subsequently undergoing five sur- 
geries to restore function to your man- 
gled limb over a 1-month period. In 
order to endure the debilitating pain, 
you are prescribed high doses of opioid 
analgesics, only to discover that your care 
team has no exit strategy. Feeling aban- 
doned by the medical establishment, you 
decide to subject yourself to a process of 
aggressive self-tapering and subsequently 
experience a gruesome with- 
drawal. Travis Rieder tells such 
a story—his story—in his new 
book, In Pain: A Bioethicist’s 
Personal Struggle with Opioids. 

In Pain situates Rieder’s trau- 
matic experience within the con- 
text of North America’s “triple 
wave” opioid overdose crisis (1). 
As he explains, high prescribing 
volumes and aggressive market- 
ing of opioids such as OxyCon- 
tin initiated the crisis in the 
1990s and 2000s. When their 
opioid prescriptions stopped 
or were scaled back, some pa- 
tients turned to illicit sources. 
Most of the tens of thousands 
of overdose deaths that oc- 
curred in the United States and 
Canada within the past several 
years were due to a toxic street 
supply of heroin and fentanyl analogs. 

Although opioid prescribing rates have 
fallen in recent years, the ethics of how 
and when these drugs are administered is 
still relevant. As Rieder shows, patients on 
long-term opioid therapy may be harmed 
when subjected to forced opioid tapering. 
And not prescribing an opioid when one is 
needed can be harmful as well. 

Rieder’s story exposes how the U.S. 
health care system is not designed to deal 
with chronicity and complexity. He argues 
that the errors in his care were systemic 
and offers a useful reframing: His physi- 
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cians, he writes, were “part of a system 
that didn’t help them properly identify or 
live up to their responsibilities.” The dif- 
ficulty of dealing with complicated pain 
cases is further intensified by additional 
challenges, such as physician reimburse- 
ment structures, financial conflicts of in- 
terest, and direct-to-consumer advertising 
of pharmaceuticals. 

As an academic bioethicist, Rieder pro- 
vides a philosophical lens to his lived ex- 
periences. It is this contribution where In 
Pain departs from other published narra- 
tives on pain and substance use, in which a 


Supervised injection sites could help mitigate the opioid crisis, argues Rieder. 


discussion of the ethical issues tends to be 
implicit rather than at the forefront. 

In “Pain and drugs,” “Dependence and 
addiction,” and “What doctors owe pa- 
tients,” Rieder discusses moral philosophy 
concepts such as first- and second-order 
desires, as well as duties and obligations, 
in digestible prose that is as profound as it 
is engaging. In chapter four, for example, 
he describes what it was like to experience 
the epistemic injustice of having the cred- 
ibility of his testimony downgraded. His 
physician, it seems, thought his pain was 
not as severe as he claimed and believed 
that he was trying to secure drugs. This is 
a common experience among people who 
consume opioids (2). 

Extending his analysis to the current 
overdose crisis, Rieder argues that the 
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United States has a moral imperative to ur- 
gently adopt evidence-based harm reduc- 
tion strategies (such as expanded access 
to naloxone and supervised consumption 
sites) that have been successful in other ju- 
risdictions. These programs are based on 
values such as compassion and nonjudg- 
ment and have demonstrated effectiveness 
in the reduction of overdose deaths as well 
as infections such as HIV and hepatitis C. 
A harm reduction philosophy is counter to 
the “war on drugs” approach in the United 
States, which criminalizes people who use 
drugs and contributes to further harm. 
Given the scale of the crisis, Rie- 
der submits that “It’s time ... to 
abandon the idea that we will 
arrest our way out of drug use 
and addiction.” 

Despite his many privileges, 
Reider experienced tremendous 
suffering during his recovery 
and faced a number of chal- 
lenges in accessing the care 
he needed. Those who are less 
privileged are often left far 
worse off. 

In Pain is an invitation for 
compassion for the millions of 
people around the world suffer- 
ing with pain and substance use 
disorders, but it is also a call to 
action, not just for more respon- 
sible opioid prescribing but for 
a fundamental change to how 
pain management is delivered. 
As Rieder argues, no advances in medi- 
cal technology will solve the public health 
problem of pain. What he believes is re- 
quired is a change in attitude toward the 
“pill for every pain” culture in North Amer- 
ica and more sustained funding structures 
for evidence-based nonpharmacological 
treatments. 

Pain patient advocacy groups and peo- 
ple on the front lines of the overdose crisis 
have been calling for action for decades. 
Rieder’s thoughtful book joins their grow- 
ing chorus. 
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Fighting plant 
pathogens together 


Boxwood, a cornerstone species of American 
gardens, is currently threatened by a blight 
pathogen, Calonectria pseudonavicu- 

lata. The first blight epidemics in North 
America were seen in North Carolina and 
Connecticut in 2011 (7). The pathogen has 
since spread to 28 U.S. states (2) and several 
Canadian provinces (3). The disease also 
has severely affected boxwood gardens and 
forests in Europe and Asia (3). Efforts to 
contain the blight on boxwood must involve 
not only scientists, farmers, and retailers 
but also landscaping companies and home 
gardeners. As with any invasive pathogen, 
scientists must take every opportunity to 


engage laypeople who deal with these plants. 


The blight pathogen spreads long 
distances primarily through the transport 
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of infected plant stocks (4) and locally 
by contaminated animals, gardening 
tools, and stormwater (2). Thus, aware- 
ness campaigns to prevent the purchase 
of infected plant stocks are critical to 
protecting existing boxwood in a given 
garden, neighborhood, and region. When 
the pathogen is inadvertently introduced, 
all infected plants and planting materials 
must be properly contained in a timely 
manner to prevent pathogen local spread 
(2). This fight can be won only through 
community efforts in which consumers 
and homeowners are empowered with 
the knowledge required to identify and 
contain the disease, farmers and retail- 
ers work to produce and sell blight-free 
plants, and landscapers practice strict 
sanitation between job sites. 

Boxwood blight containment can serve 
as a model of extensive stakeholder 
involvement in pursuing plant biosecu- 
rity. Science communities should work 
together with stakeholders, innovating 
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A boxwood shrub shows the first signs of blight. 


disease mitigation technologies and 
developing a systems approach to saving 
the iconic landscape plant. A successful 
approach can be extended to other plants 
and crops. 

Chuanxue Hong 
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States lack endangered 
species reporting 


The U.S. Senate is currently consider- 

ing a bill (S. 1051) that would cede some 
permitting decision authority to states 
relative to the U.S. Endangered Species 
Act (1). This bill is but one in a series of 
recent attempts to transfer authority for 
endangered species from federal to state 
agencies (2). The Endangered Species Act 
has long been criticized for its apparent 
inability to recover species (3). These 
efforts to give states more authority typi- 
cally argue that recovery of endangered 
species would be more successful if states 
were granted more control. We find this 
argument problematic. 

State endangered species programs do 
not, generally, report on recovery plan- 
ning, expenditures, actions, outcomes, or 
status of endangered species. In contrast, 
federal agencies report on each of these 
issues and make the information read- 
ily accessible (4). If states are to assume 
more responsibility for endangered 
species in the United States, then trans- 
parency is critical. Under existing policies, 
the lack of public reporting by states 
results in a disquieting accountability gap. 
Without information, how can the public 
evaluate whether the gains that Congress 
envisions actually occur? 

Information and accountability have 
been critical to the administration of, and 
the evaluation of, the federal application 
of the Endangered Species Act. This same 
transparency needs to be a component of 
any state Endangered Species Act respon- 
sibility. Before states take on tasks that 
are currently under federal jurisdiction, 
staffers, nongovernmental organizations, 
environmental lobbyists, and watchdog 
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groups such as the Center for Biological 
Diversity and Defenders of Wildlife 
should ask Congress to make sure that 
the relevant laws and regulations stipu- 
late transparent reporting as a key part of 
the states’ duties. 
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Replicable data for 
digit ratio differences 


In his News Feature “The mismeasure 
of hands?” (7 June, p. 923), M. Leslie 
reports our finding that lesbians have, 
on average, a more masculine digit ratio 
than straight women (/) and immedi- 
ately follows it by citing John Manning’s 
BBC study finding no significant differ- 
ence. This juxtaposition implies that our 
findings may not be replicable. However, 
a meta-analysis published almost a 
decade ago studied those two publica- 
tions, in addition to—tellingly—14 more 
(2), and it concluded that the difference 
between lesbians and straight women was 
so strong that it would take 58 consecu- 
tive null findings to render the difference 
statistically nonsignificant. 

I am aware of only one null finding 
since that time (in a woefully under- 
powered sample of 25 women) (3). 
Meanwhile, there have been two reports 
of monozygotic twins discordant for 
sexual orientation in which the lesbian 
twins have more masculine digit ratios 
than their sisters: one from Japan (4) 
and another from Europe (5), replicat- 
ing an earlier U.S. report (6). I stand by 
our 2000 report and would be happy to 
hear any skeptics’ speculations about 
what factor(s) might affect digit ratios 
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in lesbians if the measures do not reflect 
prenatal androgen exposure. 
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Comment on “Earth and Moon impact flux 
increased at the end of the Paleozoic” 
Stefan Hergarten, Gerwin Wulf, 

Thomas Kenkmann 

Mazrouei et al. (Reports, 18 January 2019, 

p. 253) found a nonuniform distribution of 
crater ages on Earth and the Moon, conclud- 
ing that the impact flux increased about 290 
million years ago. We show that the apparent 
increase on Earth can be explained by ero- 
sion, whereas that on the Moon may be an 
artifact of their calibration method. 

Full text: dx.doi.org/10.1126/science.aaw7471 


Response to Comment on “Earth and 
Moon impact flux increased at the end 
of the Paleozoic” 


Sara Mazrouei, Rebecca R. Ghent, William 
F. Bottke, Alex H. Parker, Thomas M. Gernon 
Hergarten et al. interpret our results in terms 

of erosion and uncertain calibration, rather 
than requiring an increase in impact flux. 
Geologic constraints indicate low long-term 
erosion rates on stable cratons where most 
craters with diameters of =20 kilometers occur. 
We statistically test their proposed recalibra- 
tion of the lunar crater ages and find that it is 
disfavored relative to our original calibration. 
Full text: dx.doi.org/10.1126/science.aaw9895 
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reactions in coenzyme A metabolism 
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Mazrouei ef a/. (Reports, 18 January 2019, p. 253) found a nonuniform distribution of crater ages on Earth 
and the Moon, concluding that the impact flux increased about 290 million years ago. We show that the 
apparent increase on Earth can be explained by erosion, whereas that on the Moon may be an artifact of 


their calibration method. 


Mazrouei e¢ al. (1) analyzed the age distribution of lunar and 
terrestrial impact craters and found a nonuniform distribu- 
tion. An apparent kink in the cumulative distributions at 
the same age of about 290 million years (Ma) led to the con- 
clusion that the impact flux increased at this time. 

Their analysis involves 38 terrestrial craters with diame- 
ters D = 20 km and requires that the crater inventory in this 
diameter range has not been affected by erosion. To support 
this hypothesis, they adopted a low estimate of long-term 
erosion rates (2). We argue that the vast majority of Earth’s 
surface has been exposed to erosion rates much higher than 
the adopted 2.5 m Ma‘. The record of the terrestrial craters 
with D < 90 km is more affected by erosion than by the age 
of the underlying crust (3). 

Figure 1 illustrates the effect of erosion on the age- 
frequency distribution of the craters with D = 20 km ex- 
posed at the surface. The theoretical distribution was ob- 
tained by simulating 10’ hypothetical impacts following the 
most recent estimate of the terrestrial crater production rate 
(4). We assumed that crater production and erosion were 
constant over the entire age of Earth, and that the entire 
crust was as old as Earth. The spatial distribution of erosion 
rates was inferred from present-day erosion rates of 30 large 
drainage basins (5). Lifetimes of craters at a given erosion 
rate were estimated from their depth as a function of the 
diameter (3). 

Although our simulation only predicts a statistical dis- 
tribution and not absolute numbers of craters, it is visible 
from the shapes of the curves alone that constant crater 
production in combination with constant (over time, but 
spatially variable) erosion can reproduce the observed age- 
frequency distribution. We conclude that the curvature in 
the age-frequency distribution can be explained by degrada- 
tion of the crater inventory by erosion and does not neces- 
sarily require an increase in impact flux. 

The age distribution of the lunar craters is sensitive to 


Publication date: 19 July 2019 


the relationship between the rock abundance (RAgs;s) values 
and the crater ages. Mazrouei et al. assume a power-law re- 
lationship derived in a previous study (6) from a calibration 
dataset consisting of nine index craters of known ages. 

Figure 2 shows the cumulative distribution of the RAgs,s 
values from which ages were derived for 111 craters by 
Mazrouei et al. The distributions for diameter ranges D = 10 
km and D = 20 km can be approximated by exponential dis- 
tributions with almost the same decay constants (A = 59.7 + 
5.7 for D = 10 km, A = 58.3 + 12.1 for D = 20 km, obtained 
from a maximum likelihood method). 

This exponential distribution suggests an alternative 
model for the RAgs;;-age relation. If it was an exponential 
function of the form 


age = T exp(—ARAg;)s ) (1) 


with 2’ found above and any arbitrary constant t, the RAgs;s 
values would be consistent with a uniform age distribution, 
so there would be no requirement for any change in impact 
flux through time. 

We fitted the nine index craters and found t = 1213 + 
330 Ma. The resulting age distribution in both diameter 
ranges is shown in the inset of Fig. 2. Compared to figure 3 
of Mazrouei et al., the concave curvature indicating an in- 
crease in impact flux has vanished. The value of t only de- 
fines the absolute time scale, not the shape of the curves. 

It is unclear whether the nine index craters used for cal- 
ibration (6) are sufficient to refute the exponential hypothe- 
sis. Our exponential fit yields R? = 0.862 and a root mean 
square deviation (RMSD) of 0.012 in the RAgs;s values, while 
the power law suggested by Mazrouei et al. even has a 
slightly higher RMSD of 0.014. In the original data, the cra- 
ters Jackson and Aristarchus differ in their RAgs;; values by 
more than 0.01, and this difference is opposite to the trend 
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with age. Thus, the variation of the RAgs;s values at given 
crater age should be larger than 0.01, and the RMSDs of 
both fits are in this order of magnitude. 

There are two alternative models that are both con- 
sistent with the data, but the exponential model would be 
consistent with a constant impact flux. We do not claim that 
the exponential model is better than the power law suggest- 
ed by Mazrouei et al., but given the uncertainties in the da- 
ta, we are not convinced that the calibration dataset 
consisting of only nine craters can refute the exponential 
model. 

In summary, we find that the apparent increase in the 
terrestrial impact flux is consistent with the removal of cra- 
ters by erosion. The apparent increase in the lunar impact 
flux is very sensitive to the relationship between the values 
of RAos;; and the ages of craters, and other fitting functions 
are also consistent with the data under a constant impact 
flux. 
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Number of craters younger than age 
Fraction of craters younger than age 


Fig. 1. Age-frequency distribution of terrestrial craters with diameters D= 20 km. The blue line (left axis) shows the 
ages of craters used in (1). Our predicted distribution (green line, right axis) is a simulation based on constant impact 
flux combined with erosion (see text). 
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Fig. 2. Cumulative distribution of the RAos,s values. The distribution can be approximated by an exponential function 
(dashed lines). The inset shows the resulting age distribution if the RAgs,s-age relation follows Eq. 1 with 4 = 59.7 and t = 
1213 Ma. 
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Hergarten ef¢ a/. interpret our results in terms of erosion and uncertain calibration, rather than requiring 
an increase in impact flux. Geologic constraints indicate low long-term erosion rates on stable cratons 
where most craters with diameters of =20 kilometers occur. We statistically test their proposed 
recalibration of the lunar crater ages and find that it is disfavored relative to our original calibration. 


Hergarten et al. (1) present an alternative interpretation of 
the impact record on Earth and the Moon. Their argument 
requires that Earth’s cratons have been deeply eroded over 
the past 650 million years (Ma), removing many craters 
with diameters D = 20 km. The existing crater inventory has 
been taken to imply substantial global erosion rates of ~59 
m Ma‘™ (2), more than 20 times cratonic rates (3). 

Thermochronological data (3) provide consistent con- 
straints on long-term cratonic erosion rates. Global mean 
erosion rates (2, 4) cannot be applied to cratonic regions 
because such estimates include the high erosion rates preva- 
lent in tectonically active regions today. Long-term integrat- 
ed estimates do not preclude short-lived pulses of 
exhumation (3). Therefore, the application of present-day 
erosion rates over 100-million-year time scales is tentative 
and uncertain (2). 

The global mean erosion rate (2) would imply 30 to 40 
km of erosion on the cratons over the past 650 Ma. Such 
losses are inconsistent with geologic constraints (5), includ- 
ing the widespread cratonic occurrence of shallow (<2 km) 
crustal features such as kimberlite pipes (6). Moreover, 85% 
of D = 20 km terrestrial craters are located on stable cratons 
(6), which have remained largely intact since the Proterozo- 
ic (3, 7). 

If the 20- to 30-km terrestrial craters have erosion life- 
times of 35 to 47 Ma (2) and erode at an exponential rate, 
the fraction of craters surviving longer than 290 Ma should 
only be 0.02 to 0.2% of the initial population. Instead, near- 
ly one-third (5 of 16) have ages between 290 and 650 Ma (3). 

We now address the alternative calibration of our lunar 
crater dating method (J). We argue that a goodness of fit 
based on R? and residual root mean square (RMS) scatter is 
not sufficient for model selection given the available infor- 
mation. 

Our Bayesian model selection framework (6) can self- 
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consistently accommodate uncertainty in the functional 
form proposed for the relationship between age and rock 
abundance, RAgs;s. There are parameter sets for a power-law 
relationship that provide crater age distributions consistent 
with an impact rate uniform in time, as there are for Her- 
garten et al.’s proposed exponential relationship. The issue 
is whether these parameter sets are likely given the ages of 
“index” craters, defined as D = 20 km craters whose ages 
were derived by independent means. Our analysis indicated 
that they are not (6), instead favoring parameter sets that 
include a change in the impact rate. 

Using the same method (6), we performed a likelihood 
ratio test on the power-law and exponential models (Fig. 1). 
The relative likelihood of the exponential model to the pow- 
er-law model is 0.004, disfavoring the former. 

We can additionally include the choice of the power-law 
versus exponential models as part of the approximate Bayes- 
ian computation rejection (ABCr) analysis used to deter- 
mine the Bayes factor for the broken impact rate versus the 
uniform impact rate (6). At the step of selecting parameters 
for the age-RAgs,; from the posterior probability density 
function (PDF), we modified our method to select which 
model we are using for this trial, and choose each model 
with a probability proportional to the relative likelihood of 
each model as determined by the likelihood ratio test (that 
is, 99.6% of the cases selected to be the power-law distribu- 
tion, and 0.4% of the cases selected to be the exponential 
distribution). If the evidence presented by the craters them- 
selves outweighed the strong evidence against the exponen- 
tial model, this treatment would allow that evidence to 
speak for itself. 

Taking lunar craters alone, we still find a Bayes factor of 
6:1 in favor of the broken impact rate over the uniform rate. 
Marginalizing over both the model of the age-RAgs;s rela- 
tionship and its parameters, we find evidence against a uni- 
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form impact rate. Including terrestrial craters has the same 
effect as before (6), producing a Bayes factor of 100:1 in fa- 
vor of the broken impact rate over the uniform rate. 

Finally, we examine whether a constant impact flux for 
large impactors is consistent with lunar data. Given that our 
age-RAg;;; relationship has been questioned (J), here we only 
use the index crater Copernicus, whose age of 800 Ma was 
directly derived from Apollo 12 samples (6, 8). We find that 
20 lunar craters with D = 20 km have higher RAgos,;; values 
than Copernicus. Accordingly, within reasonable error, all 
should be < 800 Ma. The terrestrial production rate of D = 
20 km craters over the past ~100 Ma is ~2.5 to ~3.0 x 10°” 
km” year“ [(9), used by (1, 2); see also (6)]. When translated 
to the Moon (6) and kept constant for 800 Ma, it would 
yield 50 to 60 lunar craters—2.5 to 3 times the number ob- 
served. This high number of craters is also inconsistent with 
(i) the relative ages of large lunar craters as derived from 
optical maturity observations (6, 70), and (ii) superposed 
crater counts on large lunar craters [i.e., many D > 50 km 
craters once considered Copernican-era are instead much 
older (17)]. 
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Fig. 1. Comparison of power-law and exponential age-RAgs,s relationships for lunar craters. 
Posterior PDFs for model parameters are derived using the same approach as Mazrouei et al. (6). The 
median (dark lines) and 95% range (light lines) are illustrated. If the exponential model is adopted 
(dashed red lines), the uncertainty inflation term c prefers a higher value than if the power-law model 
is adopted (solid blue lines), with a mean uncertainty scaling factor c ~ 0.5 versus the mean of c ~ 0.3 
found for the power-law model. 
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The first Apollo 11 lunar sample to be 
analyzed in a laboratory, photographed on 
27 July 1969 in a vacuum chamber 

at NASA's Lunar Receiving Laboratory. 
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SHOOTING FOR 


THE MOON 


By Keith T. Smith 


ifty years ago, on 20 July 1969, the 

first humans landed on the surface 

of another world, when the Apollo 11 

lunar module touched down on 

the Moon. A few hours later, 

astronauts Neil Armstrong and Buzz 

Aldrin took the first steps onto an 

alien surface while Michael Collins 

orbited overhead in the command module. 

The motivation for this milestone of 

space exploration was geopolitical, not 
scientific. The Apollo program 


these samples revolutionized our under- 
standing of how the Moon, Earth, and other 
planets formed. Improved technology and 
advances in planetary science mean that 
the samples are still actively studied today. 
Funding for lunar exploration soon ran 
out. No humans have traveled beyond low 
Earth orbit since Apollo 17 in 1972, and 
even robotic missions to the Moon ceased 
between 1976 and 1990. The 21st century 
has seen a renewed interest in exploring 
our nearest neighbor, in part 


was intended to demonstrate INSIDE because a growing number of 


technological supremacy during NEWS 


the Cold War space race. Yet Moongazing p. 234 


POLICY FORUM 


China’s present and 


have left a rich scientific legacy. __ future lunar exploration 
program p. 238 


Apollo 11 and the five additional 
crewed landings that followed 


They carried a variety of instru- 
ments, including seismometers, review 


magnetometers, and retroreflec- Analysis of lunar 
samples: Implications 
for planet formation 
tions. Perhaps their greatest andevolution p. 240 


tors for laser ranging observa- 


scientific value lies in the 382 
kg of rocks and regolith (lunar 
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space agencies and private com- 
panies now have the capability 
to reach it. Some have plans to 
return humans to the lunar sur- 
face over the next decade. Even 
more ambitious are ideas for 
permanent lunar bases, such 
as astronomical observatories, 
which could reap a rich scien- 
tific harvest. 

One day humans will return to 
the Moon. Until then, the Apollo 
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soil) that were brought back to 
Earth. Laboratory analysis of > video 


SCIENCE sciencemag.org 


> BOOKS ETAL. P. 226 


landings stand alone at the pin- 
nacle of crewed space exploration. 
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n the undulating, dust-covered Des- 
cartes Highlands, 380 _ kilometers 
southwest of Tranquility Base, where 
Apollo 11 landed half a century ago, a 
lonely gold-plated telescope has sat 
inert since 24 April 1972, when Apollo 
16 astronauts John Young and Charles 
Duke blasted off the surface and left 
it behind. It was a small part of their 
3-day mission, but a milestone for astrono- 
mers: the first observatory on another world. 

The designer of the telescope was George 
Carruthers, a young researcher at the Naval 
Research Laboratory in Washington, D.C., 
who had made his name building ultra- 
violet (UV) telescopes for sounding rockets, 
which make short flights above the UV- 
blocking atmosphere. A big question at the 
time was whether the hydrogen in interstel- 
lar gas clouds was made of individual atoms 
or molecules of hydrogen (H,). The answer 
lay in its UV spectrum, which is difficult to 
capture from a sounding rocket. 

Following the Apollo 11 landing, 
NASA called for science experi- 
ments to fly on future moonshots. 
Carruthers saw an opportunity to 
answer the hydrogen question—and 
gain a unique look at the gases sur- 
rounding Earth. Once his proposal 
was accepted, Carruthers had only 
2 years to build the UV sensor— 
which converted photons to elec- 
trons and recorded that signal on 
film—and train Young and Duke to 
use the telescope. To block the sun’s 
glare, the astronauts had to set it up 
in the shadow of the lunar landing 
module. Every so often, they would 
return to point the telescope at an- 
other target on Carruthers’s list. At 
the end of the mission, the astro- 
nauts extracted a film cartridge and 
left the camera to its fate. That roll of film 
contained 178 frames, a meager haul, but 
enough for Carruthers to confirm the exis- 
tence of interstellar molecular hydrogen— 
and reveal first-ever UV images of Earth’s 
ionosphere and aurorae, the solar wind, and 
distant galaxy clusters. 

His pioneering lunar observatory will not 
be the last. The Moon beckons astronomers 
because it is dry, airless, and seismically 
quiet. It has room for sprawling arrays of 
multiple instruments, and it turns slowly, 
allowing long exposures. For radio as- 
tronomers, its far side is a piece of heaven, 
entirely shielded from interference from 
terrestrial transmitters. 

For many years, however, a lunar ob- 
servatory has been a dream deferred. Just 
months after Carruthers’s telescope was 
installed, Apollo 17’s Eugene Cernan and 
Harrison Schmitt left the Moon in a cloud 
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of dust, and the age of lunar exploration 
suddenly came to an end. That didn’t stop 
astronomers from plotting and planning, 
but astrophysicist Peter Chen of NASA’s 
Goddard Space Flight Center in Green- 
belt, Maryland, says, “For a long time, [a 
lunar observatory] was not something you 
brought up in polite conversation.” 

The Moon is becoming a hot target again, 
and this time the players include not just 
NASA, but also other space agencies and 
commercial space companies. Astrono- 
mers are once again along for the ride. On 
14 December 2013, China’s Chang’e-3 
touched down in the Mare Imbrium car- 
rying a near-UV telescope. Although 


mostly a technology demonstration, the 
15-centimeter scope has been collecting 
data on quasars, blazars, novae, and other 
hot bright objects and beaming them back 
to Earth in quantities Carruthers couldn’t 
have imagined in the days of film. 


That’s just the start of what Steve Durst, 
president of the Waimea, Hawaii-based 
International Lunar Observatory Associa- 
tion, calls “this Moon-rush we’re experienc- 
ing now.” His organization hopes to launch 
a tiny, 1-kilogram precursor telescope with 
Moon Express of Cape Canaveral, Florida, 
or one of the other startup companies vy- 
ing for NASA contracts to take payloads to 
the Moon. Once missions start to go to the 
Moon’s south pole, the association hopes 
to send a 2-meter radio dish and a small 
optical scope to the peak of the 5000-meter 
Malapert Mountain. The peak receives 
around-the-clock sunlight, useful for solar 
power, and its unobstructed view of Earth 
could aid data transmissions. And the In- 
dian Institute of Astrophysics in Bengaluru 
is developing a small near-UV imager that 
the launch company OrbitBeyond would 
carry on its first mission in 2020. 
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The 100-kilometer-wide Daedalus crater, in the center of the lunar far 
side, would protect radio astronomy arrays from interference from Earth. 


Astronomers are arguing for far larger 
radio observatories. From the Moon’s quiet 
far side, they hope to peer back to the uni- 
verse’s dark ages, before the first stars began 
to shine. Some even envisage building giant 
optical telescopes, larger than any on Earth, 
that could not just find Earth-like exoplan- 
ets, but see features on their surfaces. 

“lve been thinking about this for 
35 years and we're finally seeing some trac- 
tion,” says astronomer Jack Burns of the 
University of Colorado in Boulder. “The 
feeling is that the Moon isn’t that hard to 
do anymore.” 


THE IDEA of an observatory on the Moon 
goes back at least to German astronomers 
Wilhelm Beer and Johann Heinrich von 
Madler, who drew the first accurate lunar 
maps in the 1830s. They realized that, lack- 
ing an atmosphere, the Moon would offer a 
pristine view of the sky. When the space age 
suddenly made the idea seem possi- 
ble, U.S. astronomers held multiple 
lunar astronomy workshops begin- 
ning in 1965. At a large gathering 
in Annapolis in 1990, astronomer 
Harlan Smith of the University 
of Texas in Austin, a champion of 
the Hubble Space Telescope that 
was then due for launch, charted 
the progress of astronomy toward 
ever-larger telescopes in ever-more- 
remote and high-altitude locations. 
“The steady unfolding of this tra- 
dition should soon lead us to the 
Moon—the best place in the solar 
system from which to do many if 
not even most kinds of astronomy.” 

Before long, however, orbiting 
space telescopes such as Hubble, 
Spitzer, and Chandra were scoring 
major successes across the electro- 
magnetic spectrum. Few could see the 
gains of shipping a telescope all the way 
to the Moon for a risky landing when a 
cheaper trip to low-Earth orbit would work 
just as well. 

One group has continued to hold out for 
the Moon: radio astronomers. On Earth, ra- 
dio telescopes must tussle with signals from 
terrestrial TV and radio transmitters for 
clean looks at the sky. The problem is worst 
for observations at low frequencies, below 
50 megahertz (MHz). At those frequencies, 
the ionosphere, a layer containing charged 
particles high in the atmosphere, can re- 
fract, disperse, or completely block radio 
waves. Yet such low-frequency waves hold 
clues to events in the deepest, darkest era of 
the universe’s history. 

Several hundred thousand years after 
the big bang, the roiling plasma of charged 
particles it created had cooled enough for 
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An ultraviolet telescope stands in 
the shadow of the Apollo 16 lander 
in 1972. It revealed the glow 

of gases around Earth (right). 


electrons to latch onto protons and make 
hydrogen atoms, releasing a burst of light 
that we now see as the cosmic microwave 
background (CMB). Then, the dark ages be- 
gan. For several hundred million years there 
was nothing in the universe but dark clouds 
of neutral hydrogen and a few other atoms, 
slowly being pulled together by clumps of 
dark matter. 

The starless universe wasn’t completely 
dark. On rare occasions the spins of the 
protons and electrons in neutral hydro- 
gen atoms flip from being parallel to anti- 
parallel, emitting a photon at a frequency of 
14 gigahertz—the so-called 21-centimter 
radiation. This dark ages signal is just a 
whisper. But, theorists calculate, a suffi- 
ciently large array of antennas should be 
able to detect it. They could also trace its 
disappearance later in cosmic history, as the 
first stars ended the dark ages by bursting 
into light and ionizing the hydrogen around 
them with their UV radiation. The details of 
the process could reveal whether the first 
generation of massive stars did most of that 
ionization, or whether much more power- 
ful quasars, extremely bright galactic cores 
centered on voracious black holes, also 
played a role. 

The epoch contains far more data than 
the CMB, which only records a brief mo- 
ment in cosmic time. “This is a 3D volume 
with primordial fluctuations in there, just 
waiting to be measured,” says astronomer 
Jacqueline Hewitt of the Massachusetts In- 
stitute of Technology in Cambridge. 
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Charting the dark ages’ 21-centimeter 
radiation “is essential. It has to be done at 
some point,’ says radio astronomer Heino 
Falcke of Radboud University in Nijmegen, 
the Netherlands, who works on the Low Fre- 
quency Array (LOFAR), avast radio telescope 
spread across northern Europe. The prob- 
lem is that after 13 billion years of cosmic 
expansion, photons from the dark ages ar- 
rive at Earth stretched to frequencies below 
50 MHz, where they not only have to con- 
tend with the ionosphere, but also with 
confounding signals from ham radio, avia- 
tion, and long-distance communications. 
LOFAR, for example, has struggled to detect 
the 21-centimeter signal from that epoch 
(Science, 7 November 2014, p. 688). The Hy- 
drogen Epoch of Reionization Array, which 
Hewitt and others are building in South Af- 
rica, may have a better shot. But Falcke and 
others are looking to the Moon. 

Burns’s 35-year campaign for a lunar 
radio telescope won him NASA funding 
in 2008 to form a team called LUNAR to 
work out how to build it. The researchers 
designed a lunar telescope array that would 
include hundreds of simple dipole antennas 
laid flat on the ground. They demonstrated 
how autonomous rovers could lay out strips 
of conducting film to act as antennas. In a 
2013 experiment, astronauts on the Inter- 
national Space Station remotely guided a 
rover that laid out antenna strips on a sim- 
ulated moonscape at the NASA Ames Re- 
search Center in Mountain View, California, 
to show how a future crew onboard NASA’s 
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proposed Moon-orbiting Lunar Gateway 
station could supervise construction. 

A more recent NASA-funded project, the 
Network for Exploration and Space Science 
(NESS), is drawing up plans for lunar ra- 
dio telescopes that could probe exoplanets 
as well as the early universe. Planets that 
have a magnetic field emit low-frequency 
radio waves when electrons spiral around 
the field lines. Because planetary magnetic 
fields require an internal dynamo, like 
a spinning liquid metal core, detecting a 
field could offer clues to an exoplanet’s 
interior—and, Burns says, “could play a key 
role in assessing [its] habitability.” Earth’s 
magnetic field, for example, not only pro- 
tects life from cancer-causing high en- 
ergy particles, but is also thought to have 
shielded water in the atmosphere from be- 
ing lost to space. 

Earth-based radio arrays might be able to 
detect the radio emissions from a Jupiter- 
size exoplanet, with a mighty magnetic 
field. But a lunar observatory might pick up 
the fainter—and lower frequency—emission 
of a rocky exoplanet. 

NESS is working on two proposals. The 
first is a $60 million suitcase-size satellite 
with antennas on four sides that will tune 
in to a range of wavelengths by unfurling 
like frog tongues to lengths of up to several 
meters. It will orbit the Moon and, when 
above the far side and shielded from Earth, 
will try to detect the dark age 21-centimeter 
signal. Known as DAPPER, the Dark Ages 
Polarimeter Pathfinder satellite should be 
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able to map the radiation in enough detail 
to determine how dark matter tugged the 
primordial hydrogen clouds into clumps. 
That could help distinguish between rival 
models of cosmic structure formation. 

The second is a billion-dollar class mis- 
sion to put a basic radio telescope on the 
surface of the Moon. The Farside Array 
would use the techniques pioneered by the 
LUNAR consortium: small rovers laying 
out a total of 128 dipole antennas across an 
area 10 kilometers wide, supervised by as- 
tronauts in lunar orbit. This month, NESS 
submitted a proposal to Astro2020, the 
US. astronomy community’s once-a-decade 
priority-setting exercise, in the hope of win- 
ning wider support. 

European and Chinese researchers are 
thinking along similar lines. Last year, a 
team led by Falcke added a radio astron- 
omy experiment to China’s Queqiao probe, 
which was parked near the Moon to relay 
signals to and from the Chang’e-4 lander 
on the lunar far side (Science, 18 May 2018, 
p. 698). Now that Queqiao has completed 
its communications duties, Falcke says, 
the Netherlands-China Low-Frequency Ex- 
plorer (NCLE) can start observations later 
this year. The NCLE will not get a clean 
21-centimeter signal because it is not com- 
pletely shielded from earthly interference, 
but it will be a testbed for observing in 
the lunar neighborhood in preparation for 
a bigger goal: a lunar LOFAR. “We're dis- 
cussing with China about follow-up proj- 
ects,” Falcke says. 
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The European Space Agency 
(ESA) is also considering op- 
tions. In May, the agency pub- 
lished a 10-year strategy for 
science on the Moon; its goals 
include testing low-frequency 
radio receivers on the far side. 
“To make the first observations 
[from the far side] would be fan- 
tastic,’ says James Carpenter, 
strategy officer in ESA’s human 
and robotic exploration division 
in Noordwijk, the Netherlands. 
A larger array of antennas is “a 
long term aspiration,” he adds. 


OPTICAL ASTRONOMERS don’t 
have the same _all-or-nothing 
need for a lunar observatory. But 
that hasn’t stopped them from 
imagining what they could see 
with a telescope as clear-eyed as 
Hubble, but with a mirror larger 
than could ever be launched 
into Earth orbit. The Moon’s low 
gravity and rock-solid stability 
mean support structures for a 
giant telescope could be simple 
and cheap. But here’s the catch: The mirror 
would have to be made in situ. 

One solution, proposed by a NASA-funded 
team last decade, is to build a liquid mirror. 
The idea is simple: Construct a large shal- 
low circular dish, fill it with a liquid, and 
set it gently spinning. Centrifugal force will 
pull the surface into a parabolic shape. Liq- 
uid mirror telescopes on Earth use mercury, 
which is naturally reflective. The biggest so 
far was the 6-meter Large Zenith Telescope 
in British Columbia in Canada. That testbed 
telescope, built in 2003 and now decommis- 
sioned, paved the way for the 4-meter Inter- 
national Liquid Mirror Telescope, which will 
take its first view of the sky from the Dev- 
asthal Observatory in India later this year. 
Although a liquid mirror is limited to look- 
ing straight up, the rotation of Earth—or the 
Moon—scans it across the sky. 

Mercury won't work on the Moon—it 
would evaporate in the lunar vacuum and 
is too heavy to transport from Earth. In its 
place, the NASA team came up with a class 
of organic compounds called ionic liquids, 
essentially molten salts, that would remain 
liquid in the frigid lunar night. Ionic liquids 
are not reflective, but could be glazed with 
silver to make an ideal reflecting surface. 
Superconducting bearings could levitate the 
dish and keep it spinning frictionlessly. “In 
principle there is no limit on the size,” says 
team member Ermanno Borra of Laval Uni- 
versity in Quebec City, Canada. “This would 
be totally impossible in space, but not that 
expensive on the Moon.” 
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The Canadian Space Agency (CSA) fol- 
lowed up the NASA study by looking at the 
practicalities of building such a scope. “There 
were no showstoppers and the mechani- 
cal tolerances were more relaxed than for 
a space telescope,” says Paul Hickson of the 
University of British Columbia in Vancouver. 
A 20-meter telescope, CSA concluded, would 
require no more than 3.5 tons of material to 
be transported to the surface. An even larger 
instrument, as big as 100 meters across, 
“would be in a class of its own,” Hickson says, 
able to study the very first stars that formed 
and coalesced into galaxies at the end of the 
dark ages. 

Chen wants to make giant lunar mirrors 
from moondust, minimizing the mass needed 
to be brought from Earth. In a small labora- 
tory test last decade, he mixed a simulated 
lunar soil, or regolith, with epoxy to produce 
a paste the consistency of melted chocolate. 
He spun the mixture in a dish, like a liquid 
mirror, then cured the epoxy with UV light, 
which is plentiful on the Moon. The result 
was a 30-centimeter parabolic dish that 
could be coated with aluminum to produce 
a mirror. Other parts of the telescope struc- 
ture could also be made from regolith paste 
using a 3D printing machine, he says. More 
recently, Chen has made thin moondust mir- 
rors that can be reshaped by actuators on the 
back surface to compensate for temperature 
changes and for gravity as the mirror moves. 

Such mirrors could be made in batches, 
Chen says, and combined into optical inter- 
ferometers, which could achieve extraor- 
dinary resolution when viewing distant 
objects. An interferometer harnessing mirrors 
1 kilometer apart would have the resolution 
of a 1-kilometer mirror, even if not its light- 
gathering power, enabling astronomers to 
scrutinize the surface of a nearby Earth-like 
exoplanet. But combining the light of widely 
spaced telescopes requires monumental pre- 
cision, which small earthquakes can disrupt. 
That’s one reason why Earth-based optical in- 
terferometers remain experimental and span 
no more than tens of meters. Much larger in- 
terferometers might be feasible on the Moon, 
with its seismic quiet. “The Moon is the only 
place you can do it,” Chen says. 

Although many of these schemes may 
sound like science fiction, would-be lunar 
astronomers feel a sense of urgency. Other 
parties also hope to exploit the Moon, for 
purposes that could disrupt astronomy. Min- 
ing could loft dust and cause tremors; Moon 
bases would generate radio interference that 
could affect the far side. 

For radio astronomers, their sensitive in- 
struments increasingly deafened on Earth, 
that is a bleak prospect. Falcke says: “If the 
far side gets spoiled, I don’t know where we 
would go.” 
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China’s present and future 
lunar exploration program 


Chunlai Li’, Chi Wang”*, Yong Wei’, Yangting Lin? 


Since the beginning of the 21st century, the pace of lunar exploration has accelerated, 
with more than a dozen probes having undertaken scientific exploration of the Moon. 
Prominent among these have been the robotic “Chang’E” (CE) missions of the China Lunar 
Exploration Program (CLEP). We discuss technological and scientific goals and 
achievements for the four completed, and four planned, CE missions, and longer-term 
goals and plans of the CLEP beyond the CE missions. The exploration plan is flexible 

and iterative, with an emphasis on international cooperation. 


n 3 January 2019, the first lunar farside in 

situ exploration mission, China’s Chang’E~4: 

(CE), successfully landed in Von Karman 

crater within the South Pole-Aitken (SPA) 

basin. Fifty years after U.S. astronaut Neil 
Armstrong took “one small step for [a] man, one 
giant leap for mankind” as the first human to set 
foot on the Moon, China’s CE-4 lander and Yutu-2 
rover left the footprints of humanity’s first ro- 
botic visit to the surface of the far side of the 
Moon, opening a new chapter in lunar explo- 
ration. CE-4 is one of the missions of the China 
Lunar Exploration Program (CLEP). With China 
still in its infancy in this field, we discuss how the 
overall goal of CLEP is to undertake substantial 
scientific exploration by laying a robust engineer- 
ing and technical foundation, with an emphasis 
on international cooperation. 

The mysteries of the origin and evolution of 
the Moon are one of the most basic problems in 
natural science, continuing to attract the inter- 
est and excitement of scientists and engineers 
worldwide. Humanity has carried out more 
than 100 lunar exploration missions. Since the 
beginning of the 21st century, the pace has ac- 
celerated, with more than a dozen probes having 
undertaken scientific exploration of the Moon, 
including SMART-1 (ESA); SELENE Kaguya 
(Japan); Chandrayaan-1 (India); LCROSS; LRO; 
GRAIL; LADEE (United States); and CE-1, CE-2, 
CE-3, and CE-4 (China), resulting in many new 
discoveries and scientific achievements. 


Science goals, technology development 


In 2004, China formulated a robotic lunar ex- 
ploration program, consisting of three phases— 
orbiting, landing, and returning—and named the 
program the “Chang’E Project,” after the Chinese 
goddess of the Moon. In 2005, Ziyuan Ouyang, 
the first chief scientist of CLEP, raised 14 key 
questions and issues that have become the blue- 
print of China’s developing strategy and planning 
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for lunar exploration (Fig. 1), providing direction 
for China’s scientific goals and payload alloca- 
tion (J): (i) the composition, source, and evolu- 
tion of the lunar atmosphere; (ii) the nature of 
the ionosphere of the Moon; (iii) the nature and 
origin of lunar topography and geomorphology; 
(iv) the nature of the space environment and the 
lunar surface environment; (v) the origin, mate- 
rial sources, distribution characteristics, and for- 
mation process of lunar soil (regolith); (vi) the 
main lunar rock types and their distribution and 
origin; (vii) the mystery of water ice on the Moon; 
(viii) the nature and history of tectonic deforma- 
tion on the Moon; (ix) the internal structure of 
the Moon and the formation processes; (x) the 
heterogeneity of the distribution of material 
within the Moon; (xi) the origin and evolution 
of the lunar global intrinsic dipole magnetic 
field; (xii) the thermal evolution of the Moon; 
(xiii) the nature and timing of the major events 
in the evolution of the Moon; and (xiv) the origin 
of the Moon and the Earth-Moon system. In 2018, 
the NASA Advisory Council Lunar Exploration 
Analysis Group (LEAG) updated and improved 
11 key scientific concepts for lunar exploration, 
as well as specific research proposals to address 
these 11 scientific concepts (2). These science 
questions are fundamental in lunar exploration 
missions, with individual missions focusing on 
addressing some of them. 

The goals of CLEP from 2004 to 2020 are to 
gain a global and comprehensive understanding 
of the Moon through orbital spacecraft explora- 
tion; to conduct exploration and surveying of the 
lunar surface, through Earth-based monitoring, 
sky mapping, and lunar soft landing with landers 
and rovers; and to develop a more in-depth un- 
derstanding of the Moon and its history through 
the sampling of lunar rocks and soils, and re- 
turning them to Earth. The missions are iterative 
and intertwined from the perspectives of science, 
engineering, and technology. The exploration 
plan is very flexible, depending on what is 
learned from these areas during each step in 
the program. 

In the course of successfully executing the CE-1 
to CE-4 missions (2007-2019), China has made 
considerable progress and development in many 
areas of space technology, such as orbit design, 


flight control, high-precision telemetry and tele- 
communication, lunar soft landing, and traverse 
exploration. For example, the CE-4 mission po- 
sitioned a relay satellite in the Earth-Moon L2 
halo orbit to establish communication between 
Earth and the far side of the Moon. In addition to 
laying solid technical foundations for subsequent 
lunar exploration missions, the CE missions have 
achieved important scientific results. For exam- 
ple, orbital exploration of the Moon from CE-1 
and CE-2 provided a 7-m-resolution lunar global 
image and topographic maps (3), the first global 
analysis of the Moon’s microwave radiation (4), 
and discovery of the acceleration of protons at 
the lunar day-night interface (5). The CE-3 lander 
and rover revealed a new type of lunar basaltic 
rock (6), and the characteristics of the subsur- 
face structure of the landing area through radar 
probes (7, 8). Using the lunar surface as a unique 
astronomical observation platform, CE-3 studied 
brightness changes of stars, as well as changes 
in Earth’s plasmasphere in the ultraviolet band 
(9). The CE-4 spacecraft provided the first in situ 
measurements from the far side of the Moon. 
Visible and near-infrared spectra of impact ejecta 
excavated and delivered from the adjacent Finsen 
crater exhibit the petrographic features of the 
lunar deep interior materials (0). CE4 is analyz- 
ing the electromagnetic environment of the far 
side of the Moon, assessing its potential as a site 
for low-frequency radio astronomy observations 
and research. CE-4 is also seeking to detect low- 
frequency radio waves (0.1 to 40 MHz) generated 
by solar activity and other sources (72). 

The CE-5 mission, scheduled for early 2020, is 
designed to return samples to Earth from Mons 
Rimker, the northern part of Oceanus Procellarum. 
This site was chosen for having some of the young- 
est of the lunar volcanic mare basalt rocks, as yet 
unsampled. The scientific goals of CE-5 are to 
obtain a firm date for the end of lunar volcanism, 
to understand how the mineralogy and petrology 
of young volcanism differs from those of earlier 
times, and to provide a comprehensive view of 
lunar thermal and interior evolution. 

In 2015, after the launch and successful execu- 
tion of early phases of the CLEP orbiting, landing, 
and returning project, China proposed a follow- 
up plan to take place before 2030. This program 
consists of surveying the lunar environment and 
resources, constructing a long-term fundamental 
research platform, and verifying technology for 
exploiting available resources. The overall scien- 
tific objectives include (i) investigating the global 
distribution, content, and source of water and 
volatile components; (ii) investigating the com- 
position and structure of the Moon’s interior; 
(iii) measuring the age of the South Pole—Aitken 
Basin; and (iv) investigating the space physical 
environment above the lunar South Pole. The 
application objectives include (i) in situ lunar re- 
source (water, helium, etc.) utilization experi- 
ments; (ii) Moon-based observation and research 
of Earth; and (iii) scientific experiments related 
to the lunar surface ecosystem, etc. On the basis 
of the overall scientific objectives, three missions 
were initially planned to be implemented by 
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Flown missions 2004-2020 


CE-1 CE-2 CE-3 CE-5T CE-4 CE-5 
2007 2010 2013 2014 2018 2019 
Orbiter Orbiter Lander/rover  Orbiter/Earth = Relay/lander += Sampling 

returner rover return 
200-km-high = 100-/15-km Mare lmbrium — Earth-Moon Von Karman Oceanus 
orbit high orbit orbit crater Procellarum 
Global survey High-resolution Lunarsurface High-speed Far-side Lunar sample 
global survey survey Earth return surface survey 


Robotic and 
manned 
exploration 


Fig. 1. China’s lunar exploration development strategy. Missions CE-1 to CE-5 before 2020 aim at successfully implementing the CLEP early 
three-phase “orbiting, landing, and sampling return” project. Follow-up missions CE-6 to CE-8 and possible further robotic and manned 
missions aim at “surveying, constructing, and exploiting” the Moon from 2020 to 2030. 


2030, including CE-6, to sample return from the 
south polar area; CE-7, to survey the environment 
and resources in the south polar area; and CE-8, 
to verify key technologies such as “3D printing” 
construction on the Moon (12). Through these 
missions, a robotic scientific research station 
prototype will be built on the Moon. Explora- 
tion targets will shift focus from development 
of space technology, to space science and space 
applications. To achieve these goals, it is neces- 
sary to develop several key technologies, such as 
high-precision fixed-point landing, landing of large 
payloads, developing exploration capabilities in 
the permanently shadowed areas of impact 
craters, developing intelligent robot adaptation 
to the harsh environment of the polar regions, 
coordinated operation of intelligent robots, com- 
prehensive operational control of a Lunar Scientific 
Research Station, and separation and extraction 
of rare gases. The Lunar Scientific Research Sta- 
tion, with the capability of long-duration oper- 
ations and intelligent operational control, will 
be designed to carry out technical verification 
and validation of resource development and uti- 
lization technology, explore prospects for appli- 
cations, enhance the ability of lunar science 
and resource application, and lay the foundation 
for the construction and operation of future Lunar 
Research Stations, as well as exploration of the 
Moon by humans. 

After 2030, China’s lunar exploration program 
will continue to develop capabilities in both ro- 
botic and human exploration. On the basis of 
factors such as technology development, launch 
vehicle selection, economic affordability, and 
cost-effectiveness ratios, robot exploration will 
remain the primary development direction of 
subsequent lunar exploration missions. By deep- 
ening lunar scientific exploration and verifying 
technology, such as resource development and 
utilization, bio-regeneration, and life support, 
the Lunar Research Station could be built into 
a long-duration lunar base that astronauts can 
visit for a short time, with the eventual goal of 
long-term stay of astronauts on the Moon. 


Foundation of international cooperation 


International cooperation is an important ele- 
ment in China’s strategy of lunar and deep space 
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exploration. For example, the CE-4: mission pro- 
vided a host platform and opened its payload 
resources to the international community. The 
CE-4: lander, rover, and relay satellite carried ex- 
periments from Germany [Lunar Lander Neu- 
trons & Dosimetry (LND)], Sweden [Advanced 
Small Analyzer for Neutrals (ASAN)], and the 
Netherlands [Netherlands-China Low Frequency 
Wavelength Explorer (NCLF)]. China cooperated 
with these countries in scientific instrument de- 
velopment, scientific exploration planning, ex- 
ploration data research, and other aspects, and 
jointly completed the first soft landing mission 
on the far side of the Moon. In March 2019, the 
China National Space Administration (CNSA) and 
the Russian State Aerospace Corporation reached 
an agreement to jointly implement China’s 
lunar polar exploration mission and Russia’s 
Luna mission and collaborate on landing site 
survey capabilities, relay communication, scientif- 
ic payload, and space experiments. In April 2019, 
the CNSA announced cooperation opportuni- 
ties for China’s CE-6 and its asteroid explora- 
tion mission (13) and signed lunar exploration 
cooperation agreements with the United Nations 
Office for Outer Space Affairs (UNOOSA), Turkey, 
Ethiopia, and Pakistan (/4). China is also open 
to cooperation with NASA on lunar exploration; 
both sides can start cooperating on aspects such 
as exchange of scientific data and space situa- 
tional awareness information (15). China also 
looks forward to exploring more opportunities 
to cooperate with NASA to preserve the space 
environment for generations to come. China 
has made policy adjustments to the sources of 
funding for future lunar and deep space ex- 
ploration missions and has widely encouraged 
the participation of commercial and private 
enterprises in addition to governments. The 
CNSA is setting up general procedures for in- 
ternational collaboration and the mechanism 
to organize international teams. Extensive inter- 
national cooperation and diverse sources of fund- 
ing will inject additional vitality into the ongoing 
planning and development of lunar and deep 
space exploration. 

Just as the Apollo program played a positive 
role in promoting the development of human 
society, China will work with countries around 


the world in its forward-looking lunar and deep 
space exploration projects to build a community 
and a shared future for humankind, promote the 
development of science, and jointly create a 
better future for humanity through space explo- 
ration and achievements in space science and 
technology. 
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Analysis of lunar samples: Implications 
for planet formation and evolution 


Richard W. Carlson 


The analysis of lunar samples returned to Earth by the Apollo and Luna missions 
changed our view of the processes involved in planet formation. The data obtained on 
lunar samples brought to light the importance during planet growth of highly energetic 
collisions that lead to global-scale melting. This violent birth determines the initial 
structure and long-term evolution of planets. Once past its formative era, the lunar 
surface has served as a recorder of more than 4 billion years of interaction with the 
space environment. The chronologic record of lunar cratering determined from the 
returned samples underpins age estimates for planetary surfaces throughout the 
inner Solar System and provides evidence of the dynamic nature of the Solar System 


during the planet-forming era. 


lanetary scientists seek to understand how 

planets formed and evolved to their present 

states. Because Earth is geologically active, 

much of the terrestrial record from the time 

of planet formation has been overwritten 
so many times that it is now hard to separate the 
role of ancient events from more recent ones. 
In contrast, many features of the Moon have 
been preserved from this formative era. Some can 
be studied remotely, but others were revealed 
only after the lunar samples returned during the 
Apollo and Luna missions were analyzed in 
terrestrial laboratories. 


Magma oceanography 


Prior to the Apollo landings, the following 
statement represented the prevailing view of 
terrestrial planet formation: “It seems possible 
and indeed probable that the earth could 
and did accumulate below the melting point 
of silicates throughout its entire growth from 
a small size to its present one” (J). This re- 
flected the opinion that planets grew by the 
gentle accumulation of asteroid-sized plane- 
tesimals, so that high temperatures only oc- 
curred locally in some of the larger impacts. 
The samples collected during the Apollo 11 
mission in 1969 quickly disproved the idea 
that planetary bodies, even ones the size of 
our Moon, started out cold. Bulk samples from 
the Apollo 11 landing site contained a minor 
component (4%) of anorthosite, an igneous 
rock type that is known, but uncommon, on 
Earth. Anorthosite consists predominantly 
of a single mineral, plagioclase feldspar. A 
handful of small mineral grains led to the 
suggestion that the entire lunar highlands 
were dominated by anorthosite (2, 3). Based 
on the elevation of the highlands relative to 
the flat plains of basaltic lavas that infilled 


astronomers as seas, leading them to be called 
mare basins), the assumption of an anorthositic 
composition for the highlands implied a high- 
lands crust some 25 km thick (2). The current 
best estimate for lunar nearside crustal thickness 
is ~30 km based on lunar gravity data measured 
more than 40 years later (4). 

How could essentially all of the lunar high- 
lands crust be composed of anorthosite? In molten 
rock (magma) of composition similar to that of 
the bulk Moon, anorthite plagioclase, a calcium- 
aluminum silicate, has a lower density than the 
magma, and so would float. An obvious way to 
form an anorthositic crust is to assume that a large 
portion of the Moon was at one time molten, 
with the anorthositic crust forming by flotation 
above the crystallizing magma in much the same 
way that an iceberg floats on the ocean. This idea 


Olivine plus 
Pyroxene 


Iron 
core 


Fig. 1. Diagram of the lunar magma ocean model. 


led to what became known as the “magma ocean” 
model for early lunar differentiation (Fig. 1). 

From a magma with the composition ex- 
pected for the bulk Moon, the dense magnesium 
silicates olivine and pyroxene would have been 
the first minerals to crystallize (5-9). Settling of 
these crystals to the bottom of the magma ocean 
left the remaining magma richer in calcium and 
aluminum, leading to crystallization of plagio- 
clase. Olivine and pyroxene crystallization also 
drove the remaining magma to higher concentra- 
tions of iron, which served to further increase its 
density. By the time the magma became saturated 
in plagioclase, as it crystallized, its buoyancy with 
respect to the magma caused the plagioclase to 
float to the surface of the magma ocean to form 
the highlands crust. As the crust formed, it trapped 
beneath it the remaining magma that was en- 
riched in all elements that were not incorporated 
into the minerals that had crystallized by that time. 
These elements include potassium (K), the rare 
earth elements (REE), and phosphorus (P), leading 
to the acronym KREEP for the rocks formed from 
this residual magma (JO). Because KREEP is rich 
in radioactive elements such as uranium, thorium, 
and potassium, whose concentrations can be 
measured from orbit because they emit gamma 
rays (11), we now have maps of the lunar surface 
that show that KREEP is concentrated domi- 
nantly on the Earth-facing side of the Moon, in 
the region of the major mare basalt-filled impact 
basins (1-13) (Fig. 2). 

The restricted areal distribution of KREEP 
could reflect the presence of a KREEP layer be- 
neath the whole crust that was only excavated to 
the surface by impacts large enough to penetrate 
through the crust. However, the largest impact 
basin on the Moon, the South Pole-Aitken basin, 
shows only slightly elevated abundances of tho- 
rium (Fig. 2). Alternatively, both the appar- 
ently asymmetric distribution of KREEP and 
the thicker lunar crust on the farside than 
on the nearside (4) have led to proposals that 
the asymmetry originated in the magma 
ocean era by either gravitational or thermal 
interaction with Earth (/4, 15). The concen- 
tration of radioactive KREEP into a smaller 
portion of the Moon also could have provided 
a heat source to explain both mare basalt 
volcanism that continued for more than a 
billion years after the Moon solidified (16) 
and the higher number of large impact basins 
facing Earth than on the lunar farside (17). 

The simple magma ocean model described 
above almost certainly underestimates the 
complexity of the process. Several investiga- 
tions have explored more complicated evo- 
lution scenarios, including the consequences 
of density-driven overturn of different layers 
in the lunar interior after magma ocean crys- 
tallization (J8-20). Nonetheless, the basic 
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the major impact basins on the Moon’s Earth- 
facing side (originally misidentified by early 


Convection (arrows) within the magma ocean circulates 
the magma. Crystallization of dense olivine and pyroxene 
(green) and buoyant plagioclase (gray) separates the 


magma ocean model explains many char- 
acteristics of the lunar samples. Later Apollo 
missions that landed on, or close to, the 
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magnesium-rich minerals of the interior from the 
anorthositic crust. The thickness of the lunar crust is 
exaggerated by about a factor of 10 for display. 


highlands returned substantial amounts 
of anorthosite. The global importance of 
anorthosite has been confirmed through 
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compositional analysis of the lunar surface from 
orbit (73), as well as by meteorites from the Moon 
that provide samples of the lunar crust likely 
far removed from the Apollo landing sites (27). 
Some mare basalts have compositions similar 
to terrestrial basalts, but others have distinc- 
tively high contents of titanium (5, 22). These 
unusual lunar lava compositions most likely 
reflect a wide range in the composition of the 
rocks in the lunar interior that melted to create 
these lava flows (5, 7, 9). This type of com- 
positional diversity in the lunar interior is pre- 
dicted by the magma ocean model, as it fits the 
sequence of dense mineral accumulation that 
would occur as the magma ocean cooled and 
crystallized (6). 

Further evidence in support of a lunar magma 
ocean comes from measurements of the isotopic 
composition of elements that receive the decay 
products of naturally occurring radioactive iso- 
topes. Unless a magma ocean has a thick insu- 
lating crust, or atmosphere, above it, heat loss 
to space causes cooling and crystallization of the 
magma in a few million years or less (23, 24)—a 
time that is short relative to the chronological 
resolution of many radioactive clocks used to 
determine the age of rocks. If they formed by di- 
rect crystallization of the lunar magma ocean, 
the rocks of the highlands crust should show 
little variation in age, corresponding to the 
date of magma ocean crystallization. The data, 
however, show a dispersion in ages for differ- 
ent highland rocks (25). Whether this reflects 
the range in actual crystallization ages, or re- 
setting of the radiometric clocks in the samples 
by slow cooling deep in the crust or by impact- 
related metamorphism, is unclear. Modern ap- 
plications of radiometric dating techniques are 
narrowing the age range of the crustal rocks to 
4.36 to 4.40 billion years (25), 150 to 200 million 
years after the start of Solar System formation. 
Resolving the age range of the lunar crust is 
made difficult by the small number of returned 
crustal samples appropriate for dating and the 
fact that the oldest crust on the Moon has been 
repeatedly pummeled by impacting objects. 
Obtaining a clear answer to the age of the magma 
ocean, and the lunar crust in general, likely will 
require a broader collection of crustal rocks to be 
returned from the Moon. 

Another prediction of the magma ocean model 
is that the anorthositic crust, KREEP, and the ac- 
cumulated crystals in the lunar interior that would 
later be melted to produce mare basalt lavas all 
formed over a relatively short time interval. Radio- 
active dating of mare and KREEP basalts indicates 
eruption ages from 4.25 to 2.9 billion years ago 
(8). At the time of their eruption, however, the ba- 
salts were characterized by a wide range in the 
relative abundances of the isotopes that are pro- 
duced by the radioactive decay of naturally occur- 
ring radioactive elements (26). This is true also 
for one radiometric system, the 103 million-year 
half-life decay of “““Sm to “’Nd. In this system, the 
parent isotope, “Sm, effectively became extinct 
about 4 billion years ago. Nonetheless, lunar lavas 
younger than 4 billion years show a range in “?Nd/ 
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Fig. 2. Map of the distribution of thorium (Th) on the lunar surface. Data from the Lunar 
Prospector and Clementine missions (82) allow division of the lunar crust into three 
compositionally distinct terranes, outlined here in white. On the near side is the Th-rich 
Procellarum-KREEP Terrane (PKT); the far side is dominated by the Th-poor Feldspathic 
Highlands Terrane (top) penetrated by the impact that formed the South Pole—Aitken basin 
(bottom) that exposed slightly more Th-rich material, but nowhere near as Th-rich as in the 
PKT. [Figure provided by Bradley Jolliff updated and modified from the figure shown in (12)] 


M4nd (27-29), where “Nd is a stable isotope of 
neodymium (Fig. 3). The inherited variability in 
the isotopic composition of these elements at the 
time of mare basalt eruption shows that the 
compositional variability of the basalts can be 
traced back to the characteristics of the rocks 
in the lunar interior that were melted to generate 
these lavas. Combining the radiogenic isotope 
data for all analyzed lunar igneous rocks (e.g., 
Fig. 3) suggests that their source regions formed 
in an initial event that occurred between 4.37 and 
4.40 billion years ago (27-31), similar to the ages 
of crustal anorthosites. Such a result is consist- 
ent with the idea that the main compositional 
structure of the lunar crust and mantle was deter- 
mined by an event of duration less than a few 
millions of years, as is predicted by the magma 
ocean model. 


An energetic birth 


The magma ocean model implies that some ener- 
getic process involving high temperatures was 
involved in Moon formation. The nature of that 
process became clearer from comparison of the 
composition of lunar and terrestrial rocks. Early 
analyses of mare basalts were used to argue that 
the composition of the bulk Moon was similar 
to that of Earth’s mantle (32). Earth, Mars, and 
their presumed meteoritic building blocks have 
subtle stable isotopic differences that reflect im- 
perfect mixing of the contributions of the many 
stellar nucleosynthetic events in the galaxy that 
created the elements in our Solar System before 
the planets began to assemble (33-35). Earth and 
the Moon, however, appear to share identical 
isotopic composition (36, 37). This holds even 
for tungsten (38), which tracks the timing of core 
formation due to the radioactive decay of 8’Hf 
to 8°W (39). The timing of core formation is un- 
likely to be the same on two bodies of such dif- 
ferent size as Earth and the Moon. The Moon 
thus appears to share a very close genetic rela- 
tionship with Earth. 


The idea that the Moon formed from Earth 
dates back to at least 1879 (40, 41) with the sugges- 
tion that the Moon was flung out by centrifugal 
force from a fast-spinning Earth. Planetary-scale 
fission of this nature likely requires much more 
energy than can be provided by spin alone. The 
compositional similarities of lunar and terrestrial 
rocks, however, revived the discussion of whether 
and how the Moon could have been derived from 
Earth. The focus turned rapidly to the question 
of whether a large impact into Earth could put 
enough material into stable Earth orbit to form 
the Moon (42). The answer appears to be “yes” 
(42-44), but exactly how is still being debated. 
Early models of the Moon-forming impact in- 
volved a glancing collision of the proto-Earth with 
an object roughly the size of Mars (45). Such an 
impact could place enough material into Earth 
orbit to form the Moon. The rapid reassembly of 
this material into a single body would result in 
a largely molten Moon, consistent with the evi- 
dence for a lunar magma ocean. Another attract- 
ive feature of the impact model is that it provides 
an explanation for the low bulk density of the 
Moon that is related to its small core, and hence 
its low iron/silicon ratio. Impact simulations 
show that the dense iron metal component is 
preferentially captured by Earth as the iron cores 
of both impactor and target merge (46, 47). In 
a glancing-blow impact, however, the major 
fraction of the Moon is made up of material from 
the impactor’s mantle, not Earth, thus requir- 
ing that the impactor was compositionally sim- 
ilar to Earth. This is not impossible, but neither 
is it likely given the randomness of planetary 
accretion and the timing of core formation on 
different planetary bodies. To address this is- 
sue, more recent giant-impact models explore 
still more energetic collisions (46, 47). The most 
energetic of these (48) suggests that the outer 
layers of Earth expanded as a silicate vapor 
cloud of sufficient diameter to allow Moon for- 
mation from the condensed vapor as it cooled. 
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These more energetic impacts mix Earth’s 
mantle and the impactor to the point where 
any isotopic distinctions between target and 
impactor before the impact would be no longer 
resolvable. 

Although the role of giant impacts in more gen- 
eral aspects of planet formation remains unclear, 
the evidence for a lunar magma ocean and the 
Earth-Moon compositional similarity—both de- 
rived primarily from analysis of returned lunar 
samples—displaced the idea of cold, gentle planet 
assembly with one dominated by highly energetic 
impacts. As a result, the role of giant impacts is 
now an intrinsic part of models for planet for- 
mation (49), as are magma oceans as the initial 
stage of planet differentiation (23). 


Keeping hydrated 


Another early indication that the Moon formed 
hot came from the depletion of moderately vol- 
atile elements—such as the alkali metals, hal- 
ogens, and lead—in lunar samples relative to 
Earth (32), which is itself depleted in these ele- 
ments relative to the Sun and primitive mete- 
orites (50). Given the very high temperatures 
(several thousand kelvin) expected in a giant 
impact, more highly volatile compounds such as 
water were presumed to have been completely 
lost from the Moon (57). Hydrous minerals in 
lunar basalts are extremely rare, but whether this 
resulted from completely dry parental magmas 
or the loss of water from the magma during 
its eruption into the vacuum of the lunar sur- 
face was not clear. Deposits of volatile-driven 
pyroclastic volcanism—for example, the orange 
soils noticed by Apollo 17 astronaut Harrison 
Schmitt—were found at most Apollo sites and 
now have been mapped more widely from orbit 
(52). The identity of the gas fueling their explo- 
sive eruption is not clear. The water and CO, 
contents of samples of the pyroclastic glasses 
were too low to be quantified by the analytical 
tools available during the Apollo era. Improve- 
ments in the detection limits for hydrogen 
provided by secondary ion mass spectrometry 
allowed hydrogen to be detected in these pyro- 
clastic materials (53). The moderate water 
contents so calculated were later supported by 
direct measurements on inclusions of glass 
formed when small amounts of melt were 
trapped inside minerals that had crystallized 
in the magma chamber prior to eruption (54). 
The melt inclusions were kept from outgassing 
by the crystal that encapsulates them. Related 
work on the mineral apatite, a calcium phos- 
phate that can incorporate water into its crystal 
structure, also has provided evidence for mod- 
erate water contents in lunar magmas (55). The 
presence of water in lunar magmas has prompted 
reexamination of the fate of volatile elements 
during the giant impact (56). More generally, 
results from lunar sample analysis have driven 
a reinvestigation of the mechanism by which 
the terrestrial planets obtained water and car- 
bon, with the implication that these volatile 
components may have been present when the 
terrestrial planets formed, rather than having 
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been added later by accretion of icy bodies such 
as comets or icy asteroids (57). 


Sampling the space environment 


The Moon-forming giant impact was not the last 
collision to be experienced by either Earth or the 
Moon. Only a few parts per million of the surface 
area of Earth dates to before 3.8 billion years ago, 
but most of the lunar surface is that old or older. 
The Moon’s surface thus provides the record of 
bombardment from the era when impacts were a 
common force influencing planetary surfaces. 
At the smallest scale, the Moon’s surface is con- 
tinually bombarded by energetic atoms from 
cosmic rays and the solar wind. The surface traps 
some of these atoms and thus serves as a long- 
term record of the composition of the solar wind 
(51, 58-60). Examination of lunar samples showed 
the presence of surface coatings of iron and tita- 
nium, caused by irradiation with solar wind pro- 
tons, which, coupled with the small grain sizes 
of the lunar regolith, contributed to the Moon’s 
low surface reflectance (albedo) (67). This “space 
weathering” occurs on the surface of any Solar 
System body that is not protected by either an 
atmosphere or a magnetic field, with consequences 
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Fig. 3. Illustration of a common source history 
for lunar igneous rocks. The neutron fluence— 
corrected “?Nd/™4Nd (u4?Nd is the deviation in 
the sample's “@Nd/“4Nd relative to the laboratory 
standard in parts per million) is plotted against 
the “’Sm/“4Nd ratio of the sample (highlands 
rocks) or calculated for the source of the basalts 
according to their initial “°Nd/4Nd ratio. Both 
Nd isotope ratios are modified by the radioactive 
decay of “Sm (half-life 103 million years) to 
“42nd and that of “”7Sm (half-life 106 billion years) 
to “SNd. The lines on the diagram show the 
slopes expected for different ages (Byr, billion 
years) for the process that created the range in 
Sm/Nd ratios that resulted in the initial isotopic 
range in these rocks. The alignment of the data for 
mare basalts, KREEP-rich rocks, and various 
highland samples along a single line of slope 
corresponding to an age of 4.38 billion years 
indicates that the source materials of these lavas 
formed during a single short-duration event. 
[Data from (27 29, 83, 84)] 


for the interpretation of spectroscopic data for 
other airless bodies in the Solar System, partic- 
ularly asteroids (62). Lunar “swirls,” patterned 
color differences on the lunar surface that reflect 
focused particle irradiation directed by lunar 
magnetic fields, are another expression of this 
phenomenon (57, 63). Recent measurements of the 
remanent magnetism in lunar samples suggest 
that the Moon had a global magnetic field of a 
few tens of microteslas (Earth’s magnetic field 
ranges from about 25 to 65 microteslas at the sur- 
face) from at least 4.25 to 2.5 billion years ago (64). 

At much larger scales, remote observation of 
the Moon shows the lunar highlands to be more 
heavily cratered than the mare basins. This pro- 
vides a relative chronology for the lunar surface, 
showing the mare to be younger than the high- 
lands. Converting this relative crater chronology 
into an absolute chronology for the lunar surface 
became possible through analysis of the samples 
returned by Apollo. Age determinations for rocks 
from the lunar surface (65) allowed calibration of 
the lunar impact flux through time (Fig. 4). This 
flux estimate can be extrapolated throughout the 
inner Solar System, allowing the cratering record 
for other planets and moons to be turned from 
relative to absolute chronologies for their surfaces 
(66). Such data provide basic information on the 
rate of planetary resurfacing either destructively 
by erosion, or constructively by volcanism, with 
the latter providing key information on the dy- 
namics of planetary interiors. 

Individual lunar craters have had their ages 
determined via geochronologic studies of lunar 
breccias and particularly impact melts. Unex- 
pectedly, ages near 3.9 billion years occurred 
repeatedly (67). The same age was also seen ina 
number of lunar highlands rocks (68). This result 
was used to suggest that several of the large 
lunar basins on the Moon’s nearside formed at 
roughly the same time because of a large increase 
in the influx rate of bombarding planetesimals. 
The idea of a “terminal lunar cataclysm” or “late 
heavy bombardment,” as this event has been 
called (69), led to a wide variety of hypothe- 
sized causes and consequences including orbital 
migration of the gas giant planets (70), an ex- 
planation for the limited amount of preserved 
terrestrial crust older than 3.9 billion years (7D), 
and the delayed start to life on Earth (72, 73). 

Recent analyses of lunar and meteoritic sam- 
ples have questioned whether the late heavy bom- 
bardment is required by the lunar impact data 
(74). The debate is informed by two approaches. 
One is the measurement in lunar impact rocks 
of the abundance of a group of elements, called the 
highly siderophile elements (siderophile indicates 
a solubility preference for iron metal rather than 
silicate), which are present at 10~° g/g or higher 
levels in meteorites, but at 10°° g/g or lower abun- 
dances in planetary mantles that have lost most 
of these elements to the core. The goal of this ap- 
proach is to use the abundance patterns of these 
elements in lunar rocks to discriminate the types 
of impactors involved and thus distinguish one 
impact from another (75-78). An impact the size 
of a major basin-forming event (e.g., the Imbrium 
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Fig. 4. Impact rate on the lunar crust through 
time. Calibration points are based on crater 
densities from different age terranes sampled 

at the Apollo (designated by A) and Luna 

16 landing sites. The gray peak at 3.9 billion years 
represents the hypothesized spike in impacts 
associated with the late heavy bombardment. 
[Figure adapted from (85)] 


basin) will scatter ejecta over a good portion of the 
lunar surface, so associating any particular surface- 
collected rock formed by impact with the crater 
that ejected it is not straightforward. The other ap- 
proach examines the probability that the record of 
older impacts is overprinted by younger impacts 
until the rate of impact falls below some critical 
level (69), in which case the “late heavy bombard- 
ment” may simply reflect the end of a rapidly de- 
clining rate of impact (Fig. 4). Humans conducted 
field work on the Moon for less than 12 days, cover- 
ing avery limited portion of the Earth-facing side 
of the Moon. Refining the chronologic sequence 
of large impact events on the Moon requires more 
detailed field studies conducted in future visits 
that cover a larger portion of the lunar surface. 


Lunar samples never stop giving 


Many of the discoveries discussed above were made 
shortly after the lunar samples became available 
for analysis. Others, however, were delayed until 
analytical techniques, and the knowledge base 
needed to ask new questions, advanced. Examples 
of the long-term yield from lunar samples are the 
determination of their water content, continuing 
refinements in the ages of lunar samples and par- 
ticularly the evidence for an early lunar differ- 
entiation event, and measurements that show a 
long-lived lunar magnetic field. Some outstanding 
problems likely will require new sample collection 
efforts—for example, determining the true age 
range of the lunar crust and hence the age of the 
Moon, and resolving whether the late heavy 
bombardment reflected a restricted interval of 
enhanced impacts or the tail of a rapidly declining 
impact flux. With the still improving ability to 
make measurements on smaller samples, another 
opportunity lies in exploring the archived quan- 
tity of lunar samples. Interior images of breccias 
using x-ray tomography (79) can search for rock 


Carlson, Science 365, 240-243 (2019) 19 July 2019 


clasts within the breccias that might be of use for 
additional age determinations, particularly of the 
ancient lunar crust. Determining whether the 
data obtained from Apollo and Luna samples can 
be extrapolated to the whole Moon, or whether 
they constitute a biased record heavily influenced 
by the nearside basin-forming events, can only be 
addressed by sample returns from new locations 
well removed from the Apollo and Luna sites. 
The recent Chang’e 4 landing in the South Pole- 
Aitken basin on the far side of the Moon has re- 
turned data suggesting that this impact penetrated 
into the lunar mantle (80). Much can be learned by 
remote analysis, and indeed the many lunar orbital 
missions conducted since Apollo inform the choices 
for where to sample next, but many of the results 
discussed above required the most advanced 
analysis possible in terrestrial laboratories, and 
hence the return of lunar samples to Earth (87). 
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VOLCANOLOGY 
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Millennial magma reserves 


ava erupts after being stored as magma deeper 
underground. Silica-rich magmas characteristi oO) 
volcanoes like Pinatubo are stored 1 


to hundreds of thousands of 
have little understanding of the time 


cales for 


deeper basaltic magma like that supplying Icelandic 


eee 


METASURFACES 
Adynamic metasurface 
in the mix 

Metasurfaces have been 
designed and fabricated to 
function as many passive optical 
elements. A time-dependent 
active element can now be 
obtained by marrying concepts 
in microelectromechanics with 
an array of one-dimensional 
dielectric nanowires. Although 
such a static array has been 
used to select for desired 
wavelengths, the wavelength is 
dependent on the nanowire-to- 
substrate separation. Holsteen 
et al. added a voltage-controlled 
actuation element to the design 
that could steer light beams as 
well as select and mix certain 
colors. The fast actuation 
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capability could affect applica- 
tions ranging from autonomous 
vehicles to augmented and 
virtual reality systems. —ISO 
Science, this issue p. 257 


I NOTHERAPY 
Targeted tumor 


immunotherapy 

Although immunotherapy has 
transformed the cancer thera- 
peutics landscape, a number 
of problems remain to be 
solved, from improving efficacy 
to limiting side effects. Wang 
et al. engineered nanopar- 
ticles that could be activated 
specifically in tumors. They 
conjugated antibodies 

against programmed death 
ligand 1 (PDL1) with matrix 


Chiu et al., p. 251 


(0) show that these 


volcanoes. Mutch et al. used diffusion of chromium and 


magmas are stored for 


of ee at the brush eerie welelEinter 


metalloproteinase protein 2 
(MMP-2)-sensitive nanopar- 


ticles carrying a photosensitizer. 


MMP-2 is highly expressed in 
tumors, and delivery of the 
nanoparticle to tumors elicited 
release of the antibody from 
the nanoparticle. When used in 
conjunction with localized near- 
infrared radiation that activated 
the photosensitizer to produce 
reactive oxygen species, the 
nanoparticles outperformed 
systemic anti-PDL1 in limit- 

ing growth and metastasis of 
murine tumors. —AB 


Sci. Immunol. 4, eaau6584 (2019). 


A quantum breakdown 
At low temperatures, two- 
dimensional (2D) systems 


Published by AAAS 


Bardarbunga Volcano in the 
Holuhraun lava field in Iceland 


with contact interactions are 
expected to exhibit quantum 
anomalies—a breakdown of 
scaling laws that characterize 
such systems in the classical 
regime. Signatures of these 
anomalies have been observed 
in the real-space properties 
of 2D Fermi gases, but the 
effect is much less pronounced 
than expected on theoretical 
grounds. Murthy et al. studied 
the momentum-space profiles 
of 2D superfluids of fermionic 
atoms. They initially perturbed 
the gas and then monitored 
the momentum distribution 
of its atoms. In the regime of 
strong interactions between the 
atoms, the momentum profiles 
deviated markedly from the 
classical scaling. —JS 

Science, this issue p. 268 
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Predicting 


marine futures 


The ability to predict how 
climate variations will affect 
marine ecosystems would 
allow better economic and 
ecosystem planning and man- 
agement. Park et al. found 
that a global Earth system 
model skillfully predicted 
seasonal to multiannual ocean 
chlorophyll fluctuations in 
many regions. This could allow 
annual fish catches in some 
regions to be forecast 2 to 3 
years in advance. —HJS 
Science, this issue p. 284 


Growing independently 
Bacteria produce natural 
products with a range of 
functions. A major fam- 

ily comprises ribosomally 
synthesized and posttrans- 
lationally modified peptides. 
Ting et al. identify a biosyn- 
thetic pathway in which a 
natural product is derived 
from an amino acid that 

is added to a ribosomally 
synthesized peptide indepen- 
dent of the ribosome. This 
biosynthetic paradigm is used 
in the synthesis of thiagluta- 
mate and ammosamides, and 
the finding of related gene 
clusters suggests that the 
strategy may be used more 
widely. —VV 


Science, this issue p. 280 


Building a Safer 
CMV vector 


Vaccine vectors based on 
cytomegalovirus (CMV) show 
strong T cell induction and 
protection against a multitude 
of pathogens. However, such 
vaccines may not be safe for 
people who are immunodefi- 
cient or immunosuppressed. 
Marshall et al. genetically 
modified rhesus CMV to 
allow engagement of host 
intrinsic immunity. The modi- 
fied ARh110 vector did not 
spread once administered to 


nonhuman primates but still 
induced robust T cell immu- 
nity. Hansen et al. showed in 
a simian immunodeficiency 
virus challenge model that 
the ARh110 vector provided 
durable protection that was 
comparable to the paren- 
tal vector. Mutations in the 
human CMV vector could thus 
yield a potent but restrained 
CMV for human vaccination. 
=LP 

Sci. Transl. Med. 11, eaaw2603, 

eaaw2607 (2019). 


Carbon catenation 
Preparing interlocked rings 
and knots at the molecular 
scale traditionally relies on 
preorientation of the building 
blocks by nitrogen or oxygen 
substituents. Segawa et al. 
devised a distinct strategy 
to synthesize catenane and 
trefoil structures composed 
exclusively of carbon and 
hydrogen (see the Perspective 
by Van Raden and Jasti). They 
linked phenyl rings end to end 
into macrocycles that met in 
the middle at a silicon center. 
Excision of the silicon with 
fluoride then yielded the inter- 
locked products. —JSY 
Science, this issue p. 272; 
see also p. 216 


Early suckler? 
One trait that is unique to 
mammals is milk Suck- 
ling. Suckling requires the 
presence of stability and 
motion in the throat, both 
of which require a complex 
hyoid apparatus. Zhou et al. 
describe a mammaliform 
docodontan fossil from the 
Jurassic that was preserved 
with a nearly intact hyoid (see 
the Perspective by Hoffmann 
and Krause). The structure is 
complex and saddle shaped, 
like that seen in modern 
mammals, suggesting that a 
muscularized throat was pres- 
ent before the development of 
mammals. —SNV 

Science, this issue p. 276; 

see also p. 222 
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and Jesse Smith 


Glimpsing growing nanotubes 


ne-dimensional metal-organic frameworks, also called 
metal-organic nanotubes (MONTs), are similar to 
carbon nanotubes but have a wider design space of size 
and chemical functionality. However, there have been 
few examples of MONTs, in part because little is known 
about their growth mechanism. Vailonis et al. synthesized 
a ligand, 1,4-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene, 
that formed a MONT after 5 days of reaction with copper(II) 
bromide. They also followed this process with liquid-cell trans- 
mission electron microscopy and could follow the formation of 
fiber bundles after initial nucleation. Fitting of this anisotropic 
growth process to a Lifshitz-Slyozov-Wagner model was con- 
sistent with the growth being under thermodynamic control 
and occurring through a surface-specific monomer—monomer 
attachment process. Further structural analysis of the material 
showed that the cell material was the same as the bulk. —PDS 


J.Am. Chem. Soc. 141, 10177 (2019). 


Transmission electron micrograph taken near the start of formation 


of copper metal-organic nanotubes 


Confronting bias before 
it happens 


Student evaluations of teaching 
(SETs) remain the primary way 
to evaluate teaching effective- 
ness for tenure packages, even as 
evidence documenting bias, i.e., 
that female instructors tend to 


Published by AAAS 


be evaluated more critically than 
males, in this type of evaluation 
grows. Peterson et al. added 
specific language, designed to 
mitigate gender bias, to certain 
SETs in a randomized experiment 
of four classes with large enroll- 
ment. Students in the antibias 
group ranked female instructors 
significantly higher than did 


sciencemag.org SCIENCE 
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students in the standard treat- 
ment, with no differences seen 
for male instructors. Although 
these effects may be magnified 
by the unusual nature of the 
situation for the students, they do 
suggest that universities should 
consider adopting some form 
of antibias language. If students 
begin to see this language across 
all SETs, effects may be mini- 
mized. —MMc 

PLOS ONE 14, e0216241 (2019). 


IMMUNOLOGY 
Ais for antimicrobial 


Vitamin A is an essential fat- 
soluble micronutrient that 
regulates immune function 
through its derivative, retinoic 
acid. One role of retinoic acid 
is to control skin infection and 
inflammation. Harris et al. 
report that dietary vitamin A 
regulates the expression of the 
antimicrobial protein RELMa 
in the skin. RELMa, which is 
induced by the skin microbiota, 
can kill bacteria by disrupting 
their membranes. Mice lacking 
RELMa have an altered skin 
microbiota composition and 
an enhanced susceptibility to 
certain bacterial infections. 
The work shows how vitamin A 
analogs so effectively treat skin 
conditions such as acne and 
psoriasis. —STS 

Cell Host Microbe 25, 777 (2019). 


CELL BIOLOGY 
Inhibition by misdirection 


The endoplasmic reticulum 
(ER) is the main entry point to 
the cellular secretory path- 

way. It is a major site of folding 
and quality control of newly 
synthesized proteins. When 
protein folding goes awry, the 
unfolded protein response (UPR) 
is activated to protect the cell 
from harmful effects of aberrant 
proteins. The UPR is triggered 
by an ER-tethered transcription 
factor, ATF6a. Small-molecule 
inhibitors known as Ceapins 
specifically inhibit ATF6a by 
retaining it at the ER. Torres et 
al. performed a genome-wide 
CRISPR interference screen to 
elucidate how Ceapins work. 
They found that Ceapins act 


SCIENCE sciencemag.org 


via the ABCD3 peroxisomal 
transporter. In the presence of 
Ceapins, ABCD3 binds to ATF6a, 
which means the ER becomes 
tethered to peroxisomes and 
prevents ATF6a from leaving the 
ER and carrying out its function. 
—SMH 

eLife 8, e46595 (2019). 


CRIMINOLOGY 
Body cameras and police 
misconduct 


Following high-profile cases 

of police misconduct, there 
has been increasing public 
support for the use of police 
body-worn cameras but limited 
evidence about their effective- 
ness. Yokum et al. conducted 


ORGANISMAL BIOLOGY 


Thermal intolerance 


a randomized control trial of 
body camera use involving 
more than 2000 officers in 
the Washington, D.C., police 
department. They found no 
significant effects of wearing 
body cameras on use of force, 
civilian complaints, police 
activity, or judicial outcomes. 
These findings suggest that 
large-scale employment of 
police body cameras may not 
solve the challenge of police 
misconduct on its own. —TSR 


Proc. Natl. Acad. Sci. U.S.A. 116, 
10329 (2019). 


NEUROSCIENCE 


Re-skilling the brain 
We still do not understand how 
changes in the brain during 


learning lead to the acquisition 
of new skills. Brain-computer 
interfaces (BCls) can be used to 
link neural activity to a response 
visible on a computer monitor. 
Oby et al. used a BCI with mon- 
keys and found that new neural 
activity patterns emerged in the 
motor cortex of monkeys that 
learned to control the movement 
of a cursor. Learning to use a BCI 
is thus associated with new neu- 
ral activity patterns in the same 
way as learning to use handheld 
tools or learning to play the 
piano. This work shows a direct 
link between neural learning and 
behavioral learning, which previ- 
ously has only been surmised 
from neural correlates. —PRS 
Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1820296116 (2019). 


thiopian bushcrows are noisy, charismatic birds that live only in a 7800-square-kilometer 
patch of acacia bush, similar to the savanna that stretches across much of East Africa. 
The reasons for their strangely restricted range are unknown. They are generalist feeders, 
apparently lack competitors, and are perfectly able to fly long distances. Bladon et al. 
knew that the bushcrow’s distribution was described almost exactly by a climate envelope 
model of cooler and drier conditions. Behavioral studies in the field, comparing the bushcrows 
with similar-sized starlings that have extensive ranges across East Africa, showed that bush- 
crows live on a physiological knife-edge. When it gets hotter than 30°C, the bushcrows move 
into the shade, leaving the starlings to feed in the sun. Even under cover, bushcrows start pant- 
ing and are unable to feed. Sadly, as the climate warms, it seems inevitable that the Ethiopian 
bushcrows will disappear. —CA Ibis 161, 546 (2019). 


The highly localized and endemic Ethiopian bushcrow, Zavattariornis stresemanni, is sensitive to 


excessive daytime temperatures. 


Published by AAAS 
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INFLAMMATORY PAIN 
A“sUPR” target for pain 
management? 


The unfolded protein response 
(UPR) is initiated when unfolded 
or misfolded proteins accu- 
mulate in the endoplasmic 
reticulum. One highly conserved 
arm of the UPR, the IRElo-— 
XBPI signaling pathway, also 
plays a role in various other 
UPR-independent processes, 
including hypoxia, angio- 
genesis, and inflammation. 
Chopra et al. report that this 
pathway additionally regulates 
the production of two mol- 
ecules, cyclooxygenase 2 and 
microsomal prostaglandin E 
synthase 1, that help mediate 
inflammation-induced pain 
(see the Perspective by Avril 
and Chevet). When elements 
of the IREla-XBP1 signaling 
pathway were knocked out, pain 
behaviors were reduced in two 
different mouse models of pain. 
Targeting this pathway may 
result in improved pain manage- 
ment therapies. —STS 

Science, this issue p. 248; 

see also p. 224 


COMPARATIVE GENETICS 
The genetics of sexual 
dimorphism 

In mammals, many species 
exhibit sex-specific phenotypes 
that differ between males and 
females. Although attention has 
been directed to the effects of 
the X and Y sex chromosomes, 
we do not understand how sex 
affects the rest of the genome. 
Naqvi et al. examined gene 
expression in 12 tissues in male 
and female humans, mice, 

rats, dogs, and cynomolgus 
macaques and identified diver- 
sity in gene expression between 
the sexes. Examining sex-biased 
gene expression in human 
height identified opposing 

male or female bias. Although 
conservation of differential sex- 
specific gene expression among 
species was observed, specific 


genes differed in the sexes 
among species and lineages 
suggesting the evolution of spe- 
cies- or lineage-specific 
sex-biased expression. —LMZ 
Science, this issue p. 249 


ALZHEIMER’S DISEASE 
Pericytes put the 
squeeze on cognition 


Like a computer, the brain 
needs a reliable source of 
power, which is provided as oxy- 
gen and glucose in the blood. 
However, in many neurological 
disorders this energy supply 
is disrupted. Brain blood flow 
is controlled by adjustment of 
the diameters of the vessels 
supplying the blood. Nortley et 
al. found that, both in humans 
developing Alzheimer's disease 
(AD) and in a mouse model of 
AD, brain capillaries become 
squeezed by pericytes (see the 
Perspective by Liesz). By defin- 
ing the underlying mechanism, 
they suggest potential targets 
for therapy in early AD. —SMH 
Science, this issue p. 250; 
see also p.223 


MAGNETIC MATERIALS 
Liquid reconfigurable 
ferromagnetic materials 


Ferromagnetic materials show 
a permanent magnetic dipole, 
whereas superparamagnetic 
ones only show magnetic 
properties under an applied 
field. Some materials, like 
ferrofluids, show liquid-like 
behavior but do not retain their 
magnetization in the absence 
of an applied field. Liu et al. 
show remnant magnetization of 
otherwise superparamagnetic 
magnetite nanoparticles at an 
oil-water interface of emulsion 
droplets (see the Perspective by 
Dreyfus). The permanent mag- 
netization could be controlled 
by coupling and uncoupling 
the magnetization of individual 
nanoparticles, making it possi- 
ble to “write and erase” shapes 
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of the droplets or to elongate 
them into cylinders. —MSL 
Science, this issue p. 264; 
see also p.219 


QUANTUM SIMULATION 
Looking for patterns in an 
optical lattice 


One of the simplest models of 
interacting fermions on a two- 
dimensional (2D) lattice—the 
Hubbard model—becomes too 
tricky to simulate on classi- 
cal computers as the density 
of empty lattice sites (holes) 
increases. Chiu et al. used a 
quantum microscope to take 
snapshots of thousands of 
realizations of the 2D Hubbard 
model in an optical lattice filled 
with fermionic lithium atoms at 
varying hole densities (see the 
Perspective by Schauss). The 
authors used pattern recogni- 
tion algorithms to analyze the 
images, in which each lattice 
site was individually resolved. 
Comparing these patterns to the 
predictions of several theoreti- 
cal models, they found the most 
consistency with the so-called 
geometric string model. —JS 
Science, this issue p. 251; 
see also p. 218 


MEDICINE 
Broadening targeted 
therapy in cystic fibrosis 


There are more than 1700 muta- 
tions in the CFTR (cystic fibrosis 
transmembrane conductance 
regulator) gene that cause cystic 
fibrosis. Some mutations occur 
frequently, whereas others 
affect very few or individual 
patients. Modulators have been 
developed to target specific 
CFTR mutations classified 
according to their functional 
impact on the encoded protein. 
Ina Perspective, Manfredi et al. 
discuss the emerging view that 
many CFTR mutations have 
pleiotropic effects and so more 
patients could benefit from 
modulator therapy but do not 


Published by AAAS 


receive it. Moreover, individuals 
with ultrarare CFTR mutations 
are often not indicated to receive 
these targeted drugs. The 
authors outline the approaches 
needed to broaden the person- 
alization of these modulators to 
treat more patients. —-GKA 
Science, this issue p. 220 


SOCIAL SCIENCES 
Doesn’t matter if it’s 
fair...as long as you win 


In a world of increasing eco- 
nomic inequality, how does the 
public perceive the causes and 
fairness of wealth disparity? To 
measure the effect of unequal 
outcomes on individual percep- 
tions of fairness and inequality, 
Molina et al. devised a card 
game that separates the equal- 
ity of opportunity from game 
outcomes, player skill, and luck. 
In this setting, players who were 
dealt a great hand were more 
likely to (incorrectly) attribute 
their winnings to their own talent 
rather than to external factors 
such as luck or structural advan- 
tages. Winning players were also 
more likely to view the game as 
fair and feel positively about the 
game, even when the rules were 
tilted in their favor. Thus, percep- 
tions of unequal outcomes, 
such as wealth inequality, are 
biased, making efforts to equal- 
ize opportunities in social or 
economic systems complicated. 
As it turns out, “it’s not just how 
the game is played, it’s whether 
you win or lose.” —AC 
Sci. Adv. 10.1126/ 
sciadv.aau1156 (2019). 


CANCER 
An Achilles’ heel for 


KRAS mutant tumors 
Mutations in the KRAS gene 
drive several common and 
deadly cancers. Unfortunately, 
most mutant KRAS proteins 
cannot be targeted therapeuti- 
cally. Because KRAS-mutant 
pancreatic cancers rely on the 


sciencemag.org SCIENCE 
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transcription factor MYC, Blake 
et al. screened for inhibitors that 
decreased MYC protein abun- 
dance. An inhibitor of the cell 
cycle—associated kinase CDK9 
decreased MYC levels inde- 
pendently of KRAS signaling. 
This finding reveals a potential 
therapeutic target for patients 
with KRAS-mutant pancreatic 
cancers and perhaps also those 
with MYC-dependent cancers. 
—LKF 

Sci. Signal. 12, eaav7259 (2019). 
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INFLAMMATORY PAIN 


IREla-XBP1 signaling in leukocytes 
controls prostaglandin biosynthesis 


and pain 


Sahil Chopra, Paolo Giovanelli, Perla Abigail Alvarado-Vazquez, Sara Alonso, 
Minkyung Song, Tito A. Sandoval, Chang-Suk Chae, Chen Tan, Miriam M. Fonseca, 
Silvia Gutierrez, Leandro Jimenez, Kotha Subbaramaiah, Takao Iwawaki, 

Philip J. Kingsley, Lawrence J. Marnett, Andrew V. Kossenkov, 

Mariano Sanchez Crespo, Andrew J. Dannenberg, Laurie H. Glimcher*, 

E. Alfonso Romero-Sandoval*, Juan R. Cubillos-Ruiz* 


INTRODUCTION: Tissue injury triggers rapid 
local responses coordinated by immune cells, 
which dictate the maintenance and resolution 
of inflammation and therefore the recovery 
from functional impairment and pain. This 
inflammatory process requires high levels of 
protein synthesis, folding, modification, and 
trafficking, which are events regulated by the 
endoplasmic reticulum (ER). Excessive protein 
synthesis and handling can lead to the accumu- 
lation of misfolded proteins in this organelle, 
provoking a cellular state of “ER stress” and 
subsequent activation of the unfolded protein 
response (UPR). The IREla-XBP1 signaling 


pathway is an evolutionarily conserved branch 
of the UPR that maintains ER homeostasis 
while simultaneously governing various immuno- 
metabolic processes. Yet, the physiological 
consequences of IREla-XBP1 signaling in leu- 
kocytes during tissue injury and inflammation 
remain largely unexplored. 


RATIONALE: IRElo-XBP!1 signaling mediates 
the rapid induction of pro-inflammatory cyto- 
kines in myeloid cells. This pathway has also 
been implicated in the regulation of lipid meta- 
bolic processes that are central for programming 
immune cell functions in health and disease. 
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Activation of the IREla—XBP1 pathway in leukocytes promotes PGE; generation and pain. 
ER stress, inflammatory conditions, or engagement of pattern recognition receptors, such as 
Toll-like receptors (TLRs), trigger IREla activation and generation of functional XBP1 in myeloid 
leukocytes. This multitasking transcription factor induces the expression of both Cox-2 and 
mPGES-1, which are enzymes that catalyze the synthesis of PGE2 from arachidonic acid. 
PGE2 is known to function as a potent lipid mediator that promotes pain by activating and 
sensitizing nociceptors. Disabling IREla—XBP1 signaling reduces behavioral pain responses in 
PGE2-dependent mouse models of postsurgical and inflammatory visceral pain. 


Chopra et al., Science 865, 248 (2019) 19 July 2019 


Nonetheless, whether IRElo-XBP1 activation 
in leukocytes modulates the pain that can be 
driven by inflammatory processes has not been 
studied. The scarcity of pharmaceutical products 
that effectively manage postoperative pain has 
promoted the use of opioids, in turn contribut- 
ing to the opioid crisis in the United States. 
Identifying the key molecular pathways that 
endow immune cells with potent pro-algesic 
attributes may lead to the development of 
more effective and safer strategies for pain 
treatment. We examined whether leukocyte- 
intrinsic IRElo-XBP1 signaling controls tran- 
scriptional and metabolic programs that 
could be implicated in inflammation and 
pain development. 


RESULTS: Transcriptomic analyses of mouse 
bone marrow-derived dendritic cells stimu- 
lated by pattern recognition receptors revealed 

that IREla was necessary 
for the optimal expression 

of gene networks involved 
Read the full article in eicosanoid metabolism. 
- ee TREla deficiency blunted 
science.aau6499 the normal induction of 
prostaglandin-endoperoxide 
synthase 2 (Ptgs2/Cox-2) and prostaglandin E 
synthase (Ptges/mPGES-1) in stimulated myeloid 
cells. This in turn reduced the capacity of myeloid 
cells to produce multiple prostaglandins, includ- 
ing the pro-algesic lipid mediator PGE,. We 
determined that upon activation by IRElo, the 
functional form of transcription factor XBP1 
bound to the human PTGS2 and PTGES genes 
to directly induce their expression and enable 
robust PGE, generation. Selective loss of IREla 
or XBP1 in leukocytes decreased PGE, bio- 
synthesis in vivo upon challenge with pro- 
inflammatory stimuli and reduced pain-related 
behaviors in PGE,-dependent models of visceral 
and postsurgical pain. Blocking IREla activa- 
tion by using small-molecule inhibitors evoked 
similar antinociceptive effects in both models 
of pain evaluated. 


CONCLUSIONS: Our study demonstrates that 
the IRElo-XBP1 arm of the UPR operates as a 
crucial mediator of eicosanoid metabolism and 
prostaglandin synthesis in myeloid immune 
cells by promoting the expression of both Cox-2 
and mPGES-1. We determined that abrogating 
this pathway genetically or pharmacologically 
diminishes pain-related behaviors in mice. 
Modulating IRElo-XBP1 signaling may be 
helpful to induce better analgesia with the 
goal of improved pain management and re- 
duced opioid use. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: laurie_glimcher@ 
dfci.harvard.edu (L.H.G.); eromeros@wakehealth.edu 
(E.A.R.-S.); jur2016@med.cornell.edu (J.R.C.-R.) 
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INFLAMMATORY PAIN 


IREla-XBP1 signaling in leukocytes 
controls prostaglandin biosynthesis 
and pain 


Sahil Chopra’”***, Paolo Giovanelli””**, Perla Abigail Alvarado-Vazquez*, Sara Alonso”, 
Minkyung Song””, Tito A. Sandoval”*, Chang-Suk Chae”**, Chen Tan”, 

Miriam M. Fonseca‘, Silvia Gutierrez*, Leandro Jimenez’, Kotha Subbaramaiah®, 
Takao Iwawaki’, Philip J. Kingsley’®, Lawrence J. Marnett’°™, Andrew V. Kossenkov’”, 
Mariano Sanchez Crespo’, Andrew J. Dannenberg*, Laurie H. Glimcher’®*+, 

E. Alfonso Romero-Sandoval*+, Juan R. Cubillos-Ruiz?”’*+ 


Inositol-requiring enzyme 1[a] (IRE1[a])—X-box binding protein spliced (XBP1) signaling maintains 
endoplasmic reticulum (ER) homeostasis while controlling immunometabolic processes. 
Yet, the physiological consequences of IREla—XBP1 activation in leukocytes remain unexplored. 
We found that induction of prostaglandin-endoperoxide synthase 2 (Ptgs2/Cox-2) and 
prostaglandin E synthase (Ptges/mPGES-1) was compromised in IREla-deficient myeloid 
cells undergoing ER stress or stimulated through pattern recognition receptors. Inducible 
biosynthesis of prostaglandins, including the pro-algesic mediator prostaglandin E2 (PGEz), 
was decreased in myeloid cells that lack IREla or XBP1 but not other ER stress sensors. 
Functional XBP1 transactivated the human PTGS2 and PTGES genes to enable optimal PGEz 
production. Mice that lack IREla—XBP1 in leukocytes, or that were treated with IRE1a inhibitors, 
demonstrated reduced pain behaviors in PGE2-dependent models of pain. Thus, IREla—XBP1 


is a mediator of prostaglandin biosynthesis and a potential target to control pain. 


he endoplasmic reticulum (ER) ensures the 
proper folding and posttranslational mod- 
ification of secreted and transmembrane 
proteins. Diverse physiological and patho- 
logical conditions can provoke the accumu- 
lation of misfolded proteins within this organelle. 
These, in turn, can induce ER stress and activate 
the unfolded protein response (UPR). The inositol- 
requiring enzyme 1[a] (IREl[o])-X-box binding 
protein spliced (XBP1) pathway is the most evo- 
lutionarily conserved arm of the UPR (/). When 
ER homeostasis is altered, the dual-enzyme IREla 
undergoes oligomerization and autophosphoryla- 
tion, activating its endoribonuclease domain to 
excise a 26-nucleotide fragment from unspliced 
Xbp1 mRNA (2). This unconventional splicing event 
gives rise to the functional form of transcription 
factor XBP1, which promotes the expression of 
multiple genes that enhance the protein-folding 
capacity of the ER (2, 3). 
Emerging evidence indicates that IRElo-XBP1 
signaling can also control UPR-independent cel- 
lular pathways, influencing processes such as 


hepatic lipogenesis (4), hypoxia responses (5), 
angiogenesis (6), atherosclerosis (7, 8), arthritis 
(9), and antitumor immunity (10-12). Myeloid 
cells stimulated through plasma membrane- 
bound Toll-like receptors (TLRs) rapidly and 
selectively activate IRElo-XBPI1. This event is re- 
quired for their optimal production of some pro- 
inflammatory cytokines (73). Nevertheless, the 
precise transcriptional and metabolic programs 
coordinated by IREla-XBP1 signaling in leukocytes 
under inflammatory conditions, and their physio- 
logical consequences, remain largely unexplored. 


IRElc controls transcriptional programs 
in myeloid cells stimulated through 
pattern recognition receptors 


To understand how IRElo-XBP1 activation in- 
fluences global gene expression in myeloid cells, 
we performed unbiased transcriptomic analy- 
ses of wild-type (WT) and IREla-deficient bone 
marrow-derived dendritic cells (BMDCs) stimu- 
lated with bacterial lipopolysaccharide (LPS) 
(TLR4 agonist) or fungal zymosan (Dectin-1 and 


TLR2 agonist). Consistent with previous reports 
(13), WT BMDCs exposed to these microbial prod- 
ucts exhibited IRElo-dependent Xbp/ splicing 
(fig. S1, A and B) but did not show robust in- 
duction of canonical XBP1 target genes in the ER 
stress response (fig. S1C) or activation of other 
UPR branches (fig. SID). We did not observe 
signs of regulated IREla-dependent decay (RIDD) 
(14-16) upon LPS or zymosan stimulation because 
the expression levels of several genes reported to 
be potentially regulated by this process were not 
increased in BMDCs that lack IRElo (fig. S1, E 
and F). IRElo deficiency did not compromise 
normal BMDC generation or survival in response 
to granulocyte macrophage colony-stimulating 
factor (GM-CSF) (fig. $2, A and B). However, we 
identified 1792 and 2863 genes whose expres- 
sion was significantly altered in IRElo-deficient 
BMDCs stimulated with either zymosan or LPS, 
respectively, compared with their WT counter- 
parts (Fig. 1A). There was a significant overlap 
of 1167 differentially regulated genes between 
the two stimuli (Fig. 1A), indicating a common 
effect of IRElo deficiency independent of the 
agonist used. Ingenuity pathway analysis (IPA) 
for these commonly regulated genes revealed 
the enrichment of nine biological categories 
(Fig. 1B). As expected, IREla deficiency influ- 
enced transcriptional processes involved in post- 
translational protein modification as well as 
cellular maintenance and survival (Fig. 1B) (17). 
Surprisingly, biosynthesis and metabolism of 
eicosanoids emerged as a major cellular function 
potentially regulated by IRElo. in BMDCs stimu- 
lated with LPS or zymosan (Fig. 1B). We then 
identified 27 regulators that not only changed 
expression at the mRNA level but also had a 
significant number of known targets enriched in 
the gene list (Fig. 1C, top 10 regulators are shown). 
Confirming previous reports (73), expression of 
Il6 and its associated target genes was signifi- 
cantly decreased in TLR-stimulated BMDCs that 
lack IRElo, compared with their WT counter- 
parts (Fig. 1C). Additionally, and corresponding 
with IPA denoting altered eicosanoid metab- 
olism, prostaglandin-endoperoxide synthase 2 
(Ptgs2/Cox-2) and prostaglandin E synthase (Ptges/ 
mPGES-1) emerged as potential regulators that 
were markedly decreased in IRElo-deficient 
BMDCs exposed to LPS or zymosan (Fig. 1C). We 
confirmed the down-regulation of these two en- 
zymes at the mRNA and protein levels in stimu- 
lated BMDCs that lack IRElo using quantitative 
reverse transcription polymerase chain reaction 
(RT-PCR) and immunoblot assays, respectively 
(Fig. 1, D and E). IREla deficiency did not affect 
the constitutive expression of PigsI/Cox-1 or 
Ptges2/mPGES-2 (fig. S2C), suggesting that this 


‘Weill Cornell Graduate School of Medical Sciences, Cornell University. New York, NY 10065, USA. “Department of Obstetrics and Gynecology, Weill Cornell Medicine. New York, NY 10065, USA. °Sandra and 
Edward Meyer Cancer Center, Weill Cornell Medicine, New York, NY 10065, USA. “Department of Anesthesiology, Pain Mechanisms Laboratory, Wake Forest University School of Medicine, Winston-Salem, NC 
27157, USA. “Instituto de Biologia y Genética Molecular, CSIC-Universidad de Valladolid, Valladolid, Spain. “Instituto Ludwig de Pesquisa Sobre 0 Cancer, Sao Paulo, Brazil. Hospital Sfrio-Libanés, Sao Paulo, 
Brazil. "Department of Medicine, Weill Cornell Medicine, New York, NY 10065, USA. “Division of Cell Medicine, Medical Research Institute, Kazanawa Medical University, Ishikawa, Japan. ‘Department of 
Biochemistry, Vanderbilt University, Nashville, TN 37232, USA. UA. B. Hancock Jr. Memorial Laboratory for Cancer Research, Departments of Biochemistry, Chemistry and Pharmacology, Vanderbilt Institute of 
Chemical Biology, Vanderbilt University, Nashville, TN 37232, USA. “Center for Systems and Computational Biology, The Wistar Institute, Philadelphia, PA 19104, USA. “Department of Medicine, Harvard 
Medical School and Brigham and Women's Hospital, Boston, MA 02115, USA. “Department of Cancer Immunology and Virology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA 02215, USA. 
*Present Address: Vertex Ventures HC, 345 California Avenue, Palo Alto, CA 94306, USA. 
}Corresponding author. Email: laurie_glimcher@dfci.harvard.edu (L.H.G.); eromeros@wakehealth.edu (E.A.R.-S.); jur2016@med.cornell.edu (J.R.C.-R.) 


Chopra et al., Science 365, eaau6499 (2019) 


19 July 2019 


1 of 13 


6102 ‘8 Ainr uo /fi0 Bewesuelss‘eouel0s//:djjy Wo) pepeojumoq 


RESEARCH | RESEARCH ARTICLE 


ER stress sensor primarily mediates the rapid 
induction of Pigs2/Cox-2 and Piges/mPGES-1 in 
response to inflammatory stimuli. Consequently, 
we hypothesized that IRElo. may be required for 
normal eicosanoid production by myeloid cells. 


IRElo—XBP1 signaling is necessary for 
optimal prostaglandin biosynthesis 


Prostaglandins are a major class of eicosanoids 
whose inducible biosynthesis depends on the 


rapid metabolism of arachidonic acid by Cox-2 
(Fig. 2A) (18). These bioactive lipids participate 
in the regulation of diverse physiological pro- 
cesses such as allergy, fever, vascular permeabil- 
ity, and pain (79). Lipidomic analyses revealed 
that IREla deficiency did not influence basal 
prostaglandin levels in untreated BMDCs (Fig. 
2B). However, and consistent with the observed 
impairment in Cox-2 induction, we identified 
a profound decrease in the intracellular levels 


of several prostaglandins, including prostaglan- 
din E, (PGE), PGF,, PGDs, PGE, PGF 9, 15-keto 
PGF,,,, D12-PGJo, 13,14dh-15k PGE,, and PGD; 
in LPS-stimulated BMDCs that lack IREla when 
compared with their WT counterparts (Fig. 2B 
and table S1). 

Cox-2 converts arachidonic acid to prosta- 
glandin endoperoxide H» (PGH,), which is sub- 
sequently metabolized by mPGES-1 to generate 
the potent lipid mediator PGE» (Fig. 3A) (78). 
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Fig. 1. IREla regulates the expression of Ptgs2 and Ptges. Ern1™' or 
Ern1*° BMDCs were left untreated or stimulated with LPS (50 ng/ml) 

or zymosan (25 ug/ml) for 6 hours, and global transcriptional profiles were 
determined with RNA-seq. (A) Number of differentially regulated genes 
identified in IREla-deficient BMDCs treated with LPS or zymosan. (B) IPA 
of RNA-seq data highlighting eicosanoid metabolism as one of the 
central biological functions altered in LPS- or zymosan-stimulated BMDCs 
lacking IREla. (C) Top 10 key regulators identified with RNA-seq 
analysis. Individual replicate heatmaps show log ratio of expression 
values versus the reference, which is the mean across samples for the 
“Ernl “™ panel, and Ern1™" for the “Ern1°/Ern1™™” panel. U, untreated; 
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Zym, zymosan. (D) Quantitative RT-PCR for Ptgs2 and Ptges upon LPS or 
zymosan stimulation. (E) Representative immunoblot analyses for 
Cox-2 and mPGES-1 expression in Ern1™" and Ern1*° BMDCs stimulated 
with LPS (+, 10 ng/ml, or ++, 100 ng/ml) or zymosan (25 ug/ml). The 
density of each band was normalized to its own actin value, and numbers 
shown represent relative expression compared with Ernl™”' BMDCs 
treated with 10 ng/ml LPS because there was undetectable expression 
of these proteins in unstimulated BMDCs. In (D) and (E), data are shown 
as mean + SEM and are representative of at least three independent 
experiments. Two-tailed Student's t test was used for statistical analysis. 
*P'=0,05, **P’<'0:005; ***P:<:0.0005, 
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Corresponding with the decreased induction of 
both Cox-2 and mPGES-1 in IREloa-deficient 
BMDCs stimulated with LPS (Fig. 1), there was a 
marked reduction in PGE, production by these 
cells compared with their WT counterparts (Fig. 
3, B and C). Additional IREla-deficient myeloid 
cell subsets, including primary neutrophils and 
macrophages, also demonstrated defective PGE, 
synthesis upon LPS stimulation (fig. $3, A and B). 
To further confirm these findings in vivo, we ad- 
ministered LPS intraperitoneally to transgenic 
mice selectively lacking IREla in leukocytes 
(Erni'* VavI™*) (20) and then quantified PGE, 
production in situ. LPS exposure triggered Xbp1 
splicing and the concomitant IREla-dependent 
induction of both Ptgs2 and Piges in peritoneal 
leukocytes (fig. S4, A to C). Accordingly, mice 
lacking IRElo in leukocytes demonstrated re- 
duced production of peritoneal PGE, upon LPS 
administration compared with that of their WT 
counterparts (fig. S4D). Confirming our tran- 
scriptional profiling by using an independent 
agonist (Fig. 1), PGE, synthesis was also di- 
minished in zymosan-exposed BMDCs that lack 
IRElo (Fig. 3D). Similar results were observed 
in vivo after the intraperitoneal administration 
of zymosan into mice lacking IREla in leuko- 
cytes (fig. S4, E to I). In this setting, lipidomic 
analyses further confirmed that the production 
of Cox-2-dependent prostaglandins (PGE,, PGD., 
and PGF,a) and TBX, was reduced in cell-free 
peritoneal lavage from Erni‘/* Vavi"° compared 
with Erni!’ mice (fig. S4, E to H). By contrast, 
lipoxygenase-dependent 15-HETE was unaltered 
(fig. S41). XBP1 deletion phenocopied the same 
defects observed in IREla-deficient myeloid cells 


A 


Cell membrane 


phospholipids 


Phospholipase A, 


Synthases 


(Fig. 3E and fig. S3C), whereas the ablation of 
other ER stress sensors such as PERK (protein 
kinase RNA-like endoplasmic reticulum kinase) 
(encoded by Eif2ak3) and ATF6a (activating 
transcription factor 6a) did not compromise 
PGE, generation in response to this treatment 
(Fig. 3, F and G). Thus, the IREla-XBP1 arm of 
the ER stress response is selectively required for 
optimal PGE, production by LPS- or zymosan- 
stimulated myeloid cells. 

IREla-dependent induction of PGE, was also 
observed in BMDCs treated with agonists for 
other plasma membrane-bound TLRs, whereas 
stimulation from endosomal TLR3, TLR8, or 
TLR9 had no effect (fig. S5A). These results are 
consistent with previous reports that demon- 
strated predominant IREla-XBP1 activation by 
agonists engaging plasma membrane-bound but 
not endosomal TLRs (73). PGE» induction was 
also reduced in IREla-deficient BMDCs activated 
with phorbol myristate acetate (PMA) (fig. S5A), 
thus ruling out the possibility that IRElo abla- 
tion was compromising proximal TLR signaling. 
Moreover, we also found diminished PGE, pro- 
duction, accompanied by reduced expression 
of both Cox-2 and mPGES-1, in IRElo-deficient 
BMDCs treated with the pharmacological ER 
stressor thapsigargin (fig. S5, B and C). Thus, 
optimal PGE, synthesis by mouse myeloid cells 
undergoing ER stress or stimulated through 
plasma membrane-bound TLRs requires IRElo- 
XBP1 activation, which promotes the expression 
of Cox-2 and mPGES-1. 

To define whether IRElo-XBP!1 signaling also 
controlled inducible PGE, production in human 
myeloid cells, we generated monocyte-derived 
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DCs from the peripheral blood of healthy vol- 
unteers and then abrogated this pathway using 
gene-editing techniques. Transient transfection 
of primary human DCs with single-guide RNA 
(sgRNA)-Cas9 complexes targeting XBPI effec- 
tively edited this gene and prevented the gener- 
ation of its spliced (active) form upon zymosan 
treatment (Fig. 3H). The induction of PTGS2 and 
PTGES, as well as PGE, production, were signif- 
icantly diminished in zymosan-exposed human 
DCs that lack XBP1, compared with their WT 
counterparts transfected with scrambled sgRNA- 
Cas9 complexes (Fig. 3, I to K). Similar effects 
were observed when human DCs were trans- 
fected with complexes that target ERN1I (fig. S5, 
D and E). Thus, IRElo-XBP1 signaling acts as a 
conserved mediator of inducible PGE, produc- 
tion in human DCs. 


XBPI1s transactivates the human PTGS2 
and PTGES promoters 


We sought to determine the molecular mech- 
anism by which IREla-activated XBP1 (XBPIs) 
mediates inducible PGE, production in human 
myeloid cells. We analyzed the promoter regions 
of PTGS2 and PTGES for potential XBP1s binding 
sites, as previously described (2/, 22), and found 
putative X-box-binding and Unfolded Protein 
Responses Element A (UPRE-A) sequences on 
the PTGS2 promoter (Fig. 4A). Additionally, we 
identified an X-box-binding region and two ETS 
domain-binding sites in the PTGES promoter 
(Fig. 4B). We hypothesized that XBP1s could oper- 
ate as a driver of PTGS2 and PTGES transcription. 

Chromatin immunoprecipitation (ChIP)-PCR 
was used to evaluate direct XBP1s binding to the 


LPS 
Erni&°/ErniWt 


Untreated 
Erni? /Erni™™ 
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Fig. 2. IREla promotes prostaglandin biosynthesis. (A) Pathway depicting the main events implicated in the metabolism of arachidonic 
acid and prostaglandin production. Cox-1 is constitutively expressed, whereas Cox-2 is induced by pro-inflammatory stimuli. (B) Ern1”" 

(n = 4 independent samples) or Ern1*° BMDCs (n = 3 independent samples) were left untreated (bottom) or stimulated with LPS (50 ng/ml) 
for 6 hours (top), and lipidomic analyses were performed. Data are represented as volcano plots with red lines indicating a significance level 
of P = 0.05. Two-tailed Student's t test with FDR correction was used for statistical analysis. 
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promoter regions identified. We stimulated hu- 
man monocyte-derived DCs with zymosan alone 
or in combination with 2-deoxy-p-glucose (2-DG), 
which inhibits N-linked protein glycosylation, 
producing ER stress and robust IREla-XBP1 ac- 
tivation (23). Zymosan exposure increased XBP1s 
binding to the predicted PTGS2 and PTGES pro- 


moter regions, and concomitant treatment with 
the ER stressor 2-DG markedly enhanced these 
effects (Fig. 4, C and D). Disabling the IRElo ribo- 
nuclease (RNase) domain by using the selective 
pharmacological inhibitor MKC8866 (24-27) 
abrogated XBP1s binding to these promoters in 
zymosan-stimulated human DC undergoing ER 


stress (Fig. 4, C and D). XBPIs also bound the 
GFPTI1 promoter, as previously reported (23), 
whereas promoter regions of pri-miR-21 devoid 
of XBP1s-binding sites were not enriched in these 
assays (Fig. 4, E and F). Furthermore, luciferase 
reporter assays using human embryonic kidney 
(HEK) 293 cells demonstrated that XBP1s was 
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Fig. 3. IREla—XBP1 is necessary for optimal PGE2 production by 
myeloid cells. (A) Pathway showing the main steps implicated in PGE2 
generation. Both Cox-1 and mPGES-2 are constitutively expressed, 
whereas Cox-2 and mPGES-1 are induced by pro-inflammatory stimuli. 

(B and C) ELISA-based confirmation for reduced PGEz2 in supernatants 
from Ernl*° BMDCs upon stimulation with the indicated concentrations of 
LPS (B), or at different time points after stimulation with LPS at 50 ng/ml 
(C). (D to G) Mouse BMDCs of the indicated genotypes were stimulated 
with zymosan (25 pg/ml) for 6 hours, and PGE2 was quantified in culture 
supernatants by means of ELISA. Dots represent BMDCs generated from 
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independent mice. (H to K) CRISPR/Cas9-based gene editing was used 
to ablate XBP1 in human monocyte-derived DCs, and cells were then 
stimulated for 6 hours with zymosan (25 ug/ml). [(H) to (J)] Quantitative 
RT-PCR was used to assess the indicated transcript levels, and (K) PGE» 
levels were determined in the corresponding supernatants by means of 
ELISA. sg, single-guide; Scr, scrambled RNA. Dots represent human DC 
samples generated from independent donors. Data are shown as mean + 
SEM and are representative of at least two independent experiments. 
Two-tailed Student's t test was used for (B) and (D) to (K). Two-way ANOVA 
(Tukey's test) was used for (C); *P < 0.05, **P < 0.005, ***P < 0.0005. 
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Fig. 4. XBP1s transactivates the 
PTGS2 and PTGES promoters. 

A and B) Predicted XBP1s-binding 
sites in promoter regions of 

human (A) PTGS2 and (B) PTGES. 
C to F) Human primary monocyte- 
derived DCs were left untreated 

or stimulated with zymosan in the 
presence or absence of the ER 
stressor 2-DG. ChIP assays were 
performed by using anti-XBP1s 

or isotype control antibodies (Ab). 
The IREla inhibitor MKC8866 

was used as indicated, and 
quantitative PCR was used to 
determine XBPls occupancy at 
these promoter regions under the 
conditions tested. ChIP-PCR 

assays were performed by using 
three to six independent human 
donors. (G and H) HEK293 

cells were cotransfected with 
XBPIs- or CHOP-expressing 
plasmid vectors, and luciferase 
reporter constructs harboring the 
(G) PTGS2 or (H) PTGES promoters, 
along with a Renilla luciferase 
construct for internal control. 

Firefly luciferase (Luc) activity 

was normalized to Renilla activity 

in each case. Data are representative 
of at least two independent 
experiments with similar results, 
using four technical replicates. 

Data are shown as mean + SEM 
and expressed as fold increase 

in Firefly luciferase activity compared 
with empty vector (pcDNA3.1). 
Two-tailed Student's t test was used 
for statistical analysis. *P < 0.05, 
**P < 0.005, ***P < 0.0005. 


pcDNA3.1 
pcDNA3.1 XBP1s_ - 
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sufficient to transactivate the human PTGS2 and 
PTGES promoters in a dose-dependent manner 
(Fig. 4,G and H). By contrast, the PERK-controlled 
ER stress transcription factor C/EBP homologous 
protein (CHOP) showed no effect in this reporter 
system (Fig. 4, G and H). Thus, IRElo-activated 
XBPls promotes inducible PGE, biosynthesis 
by directly driving the transcriptional induction 
of both PTGS2 and PTGES. 


IRE1lo—XBP1 signaling in leukocytes 
promotes pain behaviors 


PGE, generated by induction of Cox-2 and 
mPGES-1 engages EP1-4 receptors on periph- 
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eral sensory neurons and the central nervous 
system to promote pain responses (28-30). We 
postulated that mice lacking IREla in leuko- 
cytes would demonstrate reduced pain behav- 
iors because of their impaired capacity to induce 
PGE, production in response to inflammatory 
stimuli (fig. S4). Two classical PGE.-dependent 
models of pain were used to test this hypothesis: 
an acetic acid-based model for inflammatory 
visceral pain (317-34) and a paw incision model of 
postsurgical pain (35). We injected 0.9% v/v of 
acetic acid intraperitoneally into either Ernr/! 
or Erni/' VavI* mice, and writhing behaviors 
were monitored over time by a blinded observer. 
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The number of writhing events recorded within 
the first 30 min (Fig. 5A), as well as PGE, levels 
in cell-free peritoneal lavage samples (fig. S6A), 
were significantly reduced in Erni‘! Vavi"* mice 
compared with their IRElo-sufficient counter- 
parts. We also performed automated unbiased 
and blinded tests to evaluate how the inflamma- 
tory visceral pain caused by acetic acid adminis- 
tration affected the normal ambulatory capacity 
of the host. IRElo-sufficient (Erni) mice dem- 
onstrated lower displacement ability than that 
of their Erni‘ VavI"" littermates, as evidenced 
by a significant decrease in their total ambula- 
tory counts and times after acetic acid injection 
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(Fig. 5, B and C). Reduced writhing behaviors 
were also observed in mice selectively lacking 
XBP1 in leukocytes (Xbp1‘/! Vav1"°) (Fig. 5D), 
thus confirming that canonical IREla-XBP1 
signaling mediates this response. Peritoneal 
leukocytes demonstrated constitutive IRElo- 
dependent Xdp/ splicing that was maintained 
upon acetic acid administration (fig. S6B), and 
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20-5 RK 


number of writhings 
3 


loss of IRElo in these cells decreased their nor- 
mal expression of Piges by ~50% (fig. S6C). No 
alterations in interleukin-18 (IL-1f), IL-6, or 
tumor necrosis factor-a (TNFa) expression at 
the mRNA or protein levels were found in this 
milieu at the same time point analyzed (fig. S6, 
D to G). Thus, leukocyte-intrinsic IRElo enabled 
the rapid production of PGE, without modulat- 


ing these pro-inflammatory cytokines upon intra- 
peritoneal acetic acid administration. Similar 
IREla-driven writhing responses were observed 
in male and female mice, indicating that this 
phenotype was not markedly influenced by sex 
(fig. S7). To determine whether disabling IREla- 
XBP!1 signaling pharmacologically could reduce 
inflammatory visceral pain, we used two inhibitors 
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Fig. 5. IREla—XBP1 signaling in leukocytes promotes inflammatory 
visceral pain. (A to C) 0.9% v/v acetic acid (5 ml/kg) was administered 
intraperitoneally to Erni’! (n = 13) or Ernl' Vav1°'® (n = 17) mice. 

Each group contained both male and female mice. (A) Writhing behaviors 
after acetic acid injection were recorded every 5 min for 30 min. Total 
ambulatory time (B) and total ambulatory counts (C) for mice of the 
indicated genotypes were monitored for 15 min after acetic acid injection. 
(D) 0.9% v/v acetic acid (5 ml/kg) was injected intraperitoneally into 
Xbp1' (n = 10) or Xbp1'”! Vav1® (n = 11) mice (mix of males and 
females) and writhing was recorded every 5 min for 30 min. (E to H) 
Pharmacological inhibition of IREla reduces visceral pain. WT C57BL/6J 
mice were given KIRA6 (25 mg/kg) or MKC8866 (20 mg/kg) intra- 


Chopra et al., Science 365, eaau6499 (2019) 19 July 2019 


Time after injection t——» 


peritoneally 6 hours and 30 min before challenge with 0.9% v/v acetic 
acid (5 ml/kg). In (E) and (F), the indicated mRNA transcript levels were 
determined by means of quantitative RT-PCR in leukocytes recovered 
from peritoneal lavage samples after treatment with IREla inhibitors. 
Writhing behaviors after acetic acid administration were recorded in 
mice receiving (G) KIRA6 or (H) MKC8866 and compared with their 
corresponding vehicle controls. All data are presented as mean + SEM. 
Two-way ANOVA (Sidak’s test) was used for (A), (D), (G), and (H). 
Two-tailed Student's t test was used for (B) and (C). One-way ANOVA 
(Dunnett's test) was used for (E) and (F). *P <0.05, **P < 0.005, 

***P < 0.0005. Data corresponding to behavioral responses were generated 
in two independent experiments. 
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of IREla: the kinase domain-specific inhibitor 
KIRAG (36, 37) and the RNase domain-specific 
inhibitor MKC8866 (24-27). These compounds 
were independently administered intraperitone- 
ally 6 hours and 30 min before acetic acid injec- 
tion. Treatment with either KIRA6 or MKC8866 
reduced Xbp1s and Piges expression in peritoneal 
leukocytes (Fig. 5, E and F) and significantly 
diminished the number of writhing behaviors 
after acetic acid injection (Fig. 5,G and H). The 
administration of a similar dose of celecoxib, a 


nonsteroidal anti-inflammatory drug that inhib- 
its Cox-2 and limits prostanoid production, also 
decreased writhing behaviors (fig. S8), confirm- 
ing the role of PGE, in this behavioral response. 
Thus, IRElo-XBP1 activation promotes visceral 
pain in the acetic acid-based model. 

We next evaluated whether IREloa deficiency 
in leukocytes could also influence postoperative 
pain, which is a PGE.-mediated process commonly 
treated with Cox-2 inhibitors (38-40). A surgical 
incision was made in the right hind paw of either 


Erni" or Erni’ Vavi*’ mice, and nonreflexive 
pain-related behaviors were monitored over time 
and analyzed in comparison with baseline mea- 
surements before surgery. We observed IREla- 
dependent Xbp/ splicing in CD45* leukocytes 
sorted from the injury site 24 hours after sur- 
gery (fig. S9A). Although the proportions of 
neutrophils, macrophages, and DCs infiltrating 
the lesions at this time point were not altered 
(fig. SOB), we identified a significant reduction 
in the number of Cox-2-expressing leukocytes 
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Fig. 6. IREla activation mediates spontaneous pain behaviors 
postsurgery. (A to D) Cox-2 expression in leukocytes infiltrating the 
paw after surgery. (A) Representative confocal microscopy images 

of ipsilateral paw tissue from Ernl™ or Erni'’' Vav1°® mice stained with 
fluorescently labeled antibodies specific for CD45 (red) or Cox-2 (green), 
and DAPI (blue). White arrows denote cells coexpressing CD45 and 
Cox-2. Scale bars, 100 um. (B) Magnified images of the indicated insets 
are shown. Scale bars, 50 um. (C) Quantification of total CD45* cells, and 
of Cox-2-expressing CD45* leukocytes (D) in the paw 48 hours after 
surgery. Data are shown as mean + SEM. *P < 0.05. (E to G) A surgical 
incision was made in the right hind paw of Ern1'' (n = 11 to 24) or 
Ern1'”* Vav1® (n = 11 to 29) mice. Each group comprised both male and 
female mice. Animals of the indicated genotypes were monitored for 

(E) spontaneous hind paw weight bearing distribution, (F) grimace score, 
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and (G) guarding score. Grimace and guarding scores were determined 
8 hours postsurgery. (H to J) Pharmacological inhibition of IREla 
reduces postoperative pain behaviors. C57BL/6J male mice (n = 8/group) 
were administered vehicle or MKC8866 (20 mg/kg) intraperitoneally 

6 hours and 30 min before a surgical incision was made in the right hind 
paw. Animals were monitored then for (H) spontaneous weight-bearing 
distribution, (1) grimace score, and (G) guarding score. Grimace and 
guarding scores were determined 8 hours after surgery. For (F), (G), (1) 
and (J), data are presented as median + 25 to 75% confidence interval 
(boxes) with smallest and largest values (whiskers). Data in all other 
panels are shown as mean + SEM. Two-tailed Student's t test was used 
for (C) and (D). Two-way ANOVA (Sidak’s test) was used for (E) and (H). 
The Mann-Whitney U test was used for (F), (G), (1), and (J). *P < 0.05, 
**P < 0.005, ***P < 0.0005. 
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infiltrating the injured tissues (surgical site) in 
Erni‘ VavI’ mice, compared with their litter- 
mate controls (Fig. 6, Ato D). Weight-bearing 
distribution tests indicated that Erni Vavi° 
mice showed a greater capacity to use their 
injured paws as compared with their IRElo- 
sufficient counterparts. They displayed a more 
balanced hind-paw distribution at early stages 
after incision and recovered significantly faster 
(Fig. 6E). These effects were not associated with 
differential body weight in the two genotypes 
(fig. S10A). Additional parameters indicative of 
spontaneous nonevoked pain behaviors, such as 
facial expression by grimace score (Fig. 6F) and 
guarding behavior by using the guarding score 
(Fig. 6G), were also decreased in mice lacking 
IREla in leukocytes. Mechanical threshold, de- 
termined by using von Frey-induced withdrawal 
reflex analysis, was comparable in Erni‘ versus 
Erni‘/' Vav1° mice after surgery (fig. S10B), 
which is consistent with the negligible role of 
peripheral Cox-2 in evoked punctate mechanical 
hypersensitivity previously reported in rodent 
models of acute pain (47-44). The numbers of 
flinches (fig. S10C) and paw perimeter (fig. 
S10D) also remained unchanged in Ernt“" versus 
Erni‘ Vavr™ mice after paw incision. The role of 
leukocyte-intrinsic IRElo in these postsurgical 
responses was comparable in male (fig. S11, A 
to G) and female (fig. S12, A to G) mice. However, 
we found that male Erni‘! Vavi"° mice showed 
reduced impairment and faster recovery of rear- 
ing activity in comparison with their Erni‘/* 
counterparts (fig. S11H), whereas female mice 
did not (fig. S12H). 

To determine whether pharmacological target- 
ing of IRElo could also modulate postsurgical 
pain, we administered MKC8866 before paw 
incision surgery and monitored pain responses 
thereafter. IRElo inhibition improved nocicep- 
tive functional behaviors, as demonstrated by a 
more balanced weight distribution when com- 
pared with that of vehicle-treated mice (Fig. 6H). 
Grimace and guarding scores after surgery were 
also significantly reduced in mice receiving 
MKC8866 (Fig. 6, I and J). In contrast to our 
observations when using Erni‘t Vav1° mice, 
we found reduced flinching activity after paw 
incision in MKC8866-administered groups (fig. 
S13A), suggesting a pro-algesic role for IREla 
in additional nonleukocyte cells in this setting. 
Rearing activity was unchanged upon IREla tar- 
geting (fig. S13B), indicating that complete inhi- 
bition of IRElo may be required for altering this 
specific behavior in male mice after paw incision. 
Consistent with our results using conditional 
IREla-deficient mice, mechanical hypersensiti- 
vity remained unaltered upon administration 
of MKC8866 (fig. S13C). Similar behavioral re- 
sponses were observed in mice treated with 
KIRAG (fig. $14). As a positive control, we admin- 
istered a comparable dose of celecoxib follow- 
ing the same scheme and route described above. 
Similar to IREla inhibition, we observed a more 
balanced weight-bearing distribution as well as 
diminished grimace and guarding scores after 
paw incision in mice that received celecoxib, 
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compared with vehicle-treated mice (fig. S15, A 
to C). Flinches, rearing activity, and mechan- 
ical threshold after paw incision remained un- 
affected upon celecoxib treatment (fig. S15, D 
to F). This is consistent with previous reports 
demonstrating that Cox-2 inhibition at the 
comparable dose chosen does not influence 
mechanical hypersensitivity in models of acute 
pain (41, 42). Thus, mice lacking IRElo-XBP1 
in leukocytes exhibit reduced behavioral pain 
responses in two distinct PGE,-dependent models 
of pain. Furthermore, targeting IREla pharma- 
cologically can modulate these pain behaviors 
in vivo. 


Conclusions 


Here, we present molecular and functional evi- 
dence that reveals an unexpected function for 
the ER stress sensor IREla as a central mediator 
of prostaglandin biosynthesis and behavioral 
pain responses in mice. Our findings suggest a 
previously unappreciated mechanism in which 
IREla activates transcription factor XBP1 to 
sustain expression of two rate-limiting enzymes 
that are necessary for optimal prostaglandin 
production—namely, Cox-2 and mPGES-1. More 
effective pain management strategies are needed 
in the clinic, especially in light of the devastating 
opioid crisis that the United States currently 
faces (45). The pharmacological modulation of 
IRElo-XBP1 signaling may represent an alter- 
native approach for pain control with the poten- 
tial of producing better analgesia, diminished 
opioid requirements, and reduced opioid side 
effects. Future studies will be needed to deter- 
mine whether IRElo-XBP1 signaling also regu- 
lates additional physiological and pathological 
processes driven by prostaglandins such as preg- 
nancy, fever, allergy, and immunosuppression in 
cancer. 


Materials and methods 

RNA isolation, quantitative RT-PCR, and 
Xbp!1 splicing assays 

Total RNA was isolated using RNeasy Mini kit or 
QIAzol lysis reagent (Qiagen) according to the 
manufacturer’s instructions. RNA (0.1 to 1 ug) 
was reverse-transcribed to generate cDNA using 
the qScript cDNA synthesis kit (Quantabio). Quan- 
titative RT-PCR was performed using PerfeCTa 
SYBR green fastmix (Quantabio) and TaqMan 
Universal PCR master mix (Life Technologies) 
on a QuantStudio 6 Flex real-time PCR system 
(Applied Biosystems). Normalized gene expres- 
sion was calculated by comparative threshold 
cycle method using ACTB or Actb as a control. 
Xbp! splicing assays were performed as previ- 
ously described (46). PCR products were sepa- 
rated by electrophoresis through a 2.5% agarose 
gel and visualized by ethidium bromide stain- 
ing. Primers used in this study are described in 
table S2. 


Transgenic mice 


Atfe!, Eipoak3"*, Vavi"’, and CD1Ic™° mice were 
obtained from The Jackson Laboratory. Xbp“! 
and Erni‘ mice have been previously described 
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by our groups (4, 47). We generated conditional 
knockout mice lacking ATF6, IREla, or XBP1 in 
leukocytes by crossing Ato’, Erni, or Xbp1“! 
animals, respectively, with the VavI“" strain that 
allows selective gene deletion in hematopoietic 
cells (20). Crossing Eif2ak3"' mice with CD1Ic"° 
animals generated mice devoid of PERK in DCs. 
All mouse strains were on a full C57BL/6J back- 
ground. Mice were housed in specific pathogen- 
free animal facilities at Weill Cornell Medical 
College, Memorial Sloan Kettering Cancer Center, 
and Wake Forest University. Mice were handled 
in compliance with Weill Cornell Institutional 
Animal Care and Use Committees procedures. 
Mice used for behavioral pain tests were housed 
at Wake Forest School of Medicine, in accord- 
ance with the Wake Forest University Guidelines 
on the ethical use of animals. The Institutional 
Animal Care and Use Committee of Wake Forest 
University approved all pain-related experiments. 
Animals were housed under a 12-hour light-dark 
cycle, with food and water ad libitum. 


Primary cell isolation and generation 


Murine BMDCs were generated by incubation 
of flushed, single suspended, bone marrow cells 
isolated from mice of the indicated genotypes in 
complete RPMI media [RPMI supplemented with 
L-glutamine, 10% fetal bovine serum (FBS), HEPES, 
sodium pyruvate, non-essential amino acids, 
B-mercaptoethanol, and penicillin-streptomycin] 
containing 20 ng/ml of recombinant GM-CSF 
(Gemini or Peprotech). Media was replenished on 
day 6, and cells were harvested on day 7 and used 
directly for subsequent in vitro functional assays. 

Human monocyte-derived DCs were gener- 
ated by positively isolating CD14" cells (Miltenyi, 
catalog number 130-050-201) from blood/buffy 
coats using Ficoll-gradient centrifugation and 
plated in complete RPMI media containing 10% 
FBS and human recombinant GM-CSF (Peprotech) 
at 1000 IU/ml and IL-4 (Peprotech) at 500 IU/ml 
for 7 days. Cells were then harvested and used for 
subsequent in vitro assays (48). 

Mouse primary macrophages were generated 
by incubating flushed, single suspended, bone 
marrow cells from mice of the indicated geno- 
types in DMEM F12 50/50 media supplemented 
with L-glutamine, 10% FBS and penicillin- 
streptomycin, and containing 20 ng/ml recombi- 
nant M-CSF (Peprotech) and 1 ng/ml recombinant 
IL-3 (Peprotech) for 3 days in bacteriological 
plates. On day 4, non-adherent cells were washed 
and plated in tissue culture-treated dishes at 
1x10° cells/ml in media containing 20 ng/ml 
recombinant M-CSF. On day 6, media was re- 
placed and cells were harvested and used for 
stimulation on day 7. 

Primary neutrophils were isolated directly 
from the bone marrow of Erni“ or Erni‘ VavI? 
mice using negative selection (Miltenyi, catalog 
#130-097-658) according to the manufacturer 
protocol. In all cases, isolation purity was greater 
than 80%. All stimulations were performed in 
96-well plates at a volume of 200 il of media and 
supernatants were collected after the indicated 
time points. 
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Flow cytometry-based analysis 

Murine bone marrow-derived BMDCs were 
washed with phosphate-buffered saline (PBS), 
FeyR-blocked using TruStain feX™ (anti-mouse 
CD16/32, Biolegend, clone 93, 5 ug/ml) and 
then stained with antibodies specific for CD11c 
(Biolegend, clone N418, PE-Cy7, 1 ug/ml) and 
MHC-II (Tonbo, clone M5/114.15.2, FITC, 1.25 ug/ml), 
along with live/dead staining using 4’,6-diamidino- 
2-phenylindole dihydrochloridehydrate (DAPI) 
(Thermo Fischer Scientific, 0.5 ug/ml). Data 
were acquired on an LSR II instrument (BD 
Biosciences). 

Single-cell suspensions from ipsilateral paws 
(described below) were washed, FcyR-blocked 
using TruStain feX™, as described above, and 
stained with antibodies specific for CD45 (BD 
Biosciences, clone 30-F11, PE-CF594, 1 ug/ml), CD11c 
(Biolegend, clone N418, APC, 1 ug/ml), MHC-II 
(Tonbo, clone M5/114.15.2, FITC, 1.25 ug/ml), 
Ly-6G (Tonbo, clone 1A8, APC-Cy7, 1 ug/ml), CD11b 
(Tonbo, clone M1/70, PerCP-Cy5.5, 1 ug/ml), F4/80 
(Biolegend, clone BM8, PE, 1 ug/ml) along with 
live/dead staining using DAPI (Thermo Fischer 
Scientific, 0.5ug/ml). Live CD45" cells were sorted 
using BD Aria II SORP cell sorter at the Flow 
Cytometry Core facility of Weill Cornell Medi- 
cine. All flow cytometry data were analyzed with 
FlowJo software V10 (TreeStar). 


Lipidomic analyses 


5x10° Erni? or Erni®° BMDCs were stimulated 
with 50 ng/ml LPS in six-well plates. Cells were 
collected after 6 hours, and washed with ice-cold 
PBS. Cell pellets were then frozen at —80°C until 
further analysis. Cell pellets were suspended in 
850 ul of ice-cold PBS and homogenized using a 
probe sonicator on ice (three cycles of 10 s each, 
power and frequency). The homogenate was di- 
luted with 150 pl of methanol containing 10 ng 
each of prostaglandin E,-d4, resolvin D,-d5, leu- 
kotriene B,-d4, 15-HETE-d8, and arachidonic 
acid-d8, and 100 ng each of cholesteryl heptadec- 
anoate and triheptadecanoy] glycerol (all served 
as internal standards for the LC-MS analysis). 
The samples were applied to C18 solid phase ex- 
traction cartridge (StrataX C18, Phenomenex) 
and the lipids were extracted following published 
procedures (49, 50) with following modifications: 
The SPE cartridges were eluted with isooctane- 
ethyl acetate (9:1) first for non-polar lipids (sterol 
esters, neutral sphingolipids, and triglycerides) 
before eluting the fatty acyl lipidome with metha- 
nol containing 0.1% formic acid. The lipidomic 
analysis was performed by the Lipidomics Core 
Facility at Wayne State University by LC-MS using 
standard protocols. The procedures followed were 
essentially as described earlier for eicosanomic 
analysis (57-53) and by other published proce- 
dures for fatty acids, sterol esters, triacyl glycerols, 
and sphingolipids (54-56). Volcano plots were 
generated in R studio using the bioconductor 
limma package (57). 


Immunoblot assays 


BMDCs were washed twice in cold PBS and cell 
pellets were lysed using RIPA lysis buffer (150 mM 
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sodium chloride, 1% Triton X-100, 0.5% sodium 
deoxycholate, 0.1% SDS, and 50 mM Tris pH 8.0) 
supplemented with protease and phosphatase 
inhibitors (Roche). Homogenates were centri- 
fuged at 22,000xg rpm for 30 min at 4°C, and the 
supernatants were collected. Protein concen- 
trations were determined using BCA protein 
assay kit (Thermo Fisher Scientific). Equivalent 
amounts of protein were separated via SDS- 
PAGE and transferred to PVDF membranes 
(Immobilon, Millipore) following standard pro- 
tocols. Membranes were blotted with primary 
antibodies anti-Cox-2 (Cell Signaling, catalog 
#12282, 1:1,000), anti-mPGES-1 (Cayman Chemi- 
cals, catalog #160140, 1:200), and anti-B actin (Cell 
Signaling, catalog #4967, 1:1,000), followed by 
incubation with an HRP-conjugated anti-rabbit 
secondary antibody (Thermo Fischer Scientific, 
catalog # G-21234, 1:5,000). SuperSignal West Pico 
and Femto chemiluminescent substrates (Thermo 
Fisher Scientific) were used to image blots in a 
FlourChemE instrument (ProteinSimple). 


PGEp> ELISA 


2.5 x 10” cells were stimulated with the indicated 
compounds and time points, and PGE, in the 
supernatants were measured using the PGE, 
enzyme-linked immunosorbent assay (ELISA) 
kit (Enzo Lifesciences, Cat# ADI-900-001). If 
different number of cells were plated, PGE, 
levels were normalized to 2.5 x 10° cells/well. 
Cell viability counts were comparable in all cases. 
Plates were read at 405 nm using a Varioskan 
Instrument (Thermo Fischer Scientific). LPS (cat# 
L2630) and zymosan (cat# Z4250) were pur- 
chased from Sigma-Aldrich (St. Louis, MO). 
Pam3CSK4 (100 ng/ml), HKLM (5x10’ cells), 
Poly I:C HMW (2 ug/ml), Poly I:C LMW (2 ug/ml), 
FLA-ST (500 ng/ml), FSL-1 (50 ng/ml), ssRNA 
(40 ug/ml), ODN-GPG (5 uM) were all purchased 
from Invivogen (cat# tlrl-kitlmw). PMA (50 ug/ml) 
was purchased from EMD Millipore (cat# 524400). 


In vivo measurement of prostaglandins 
using mass spectrometry 
Materials 


HPLC-grade methanol, acetonitrile, and water 
used for sample purification and LC-MS/MS 
analysis were JT Baker-brand (ThermoFisher 
Scientific). The deuterated internal standards 
PGE,-d4, PGD.2-d4, PGF,-d4, 6-keto-PGF,,-d4, 
thromboxane B,-d4 and 15-HETE-d8 were pur- 
chased from Cayman Chemicals. Authentic stan- 
dards of these analytes were also purchased 
from Cayman. Formic and acetic acid were pur- 
chased from Sigma-Aldrich. Acquity chroma- 
tography columns were purchased from Waters 
Corp. (Milford, MA). Solid phase extraction 
(SPE) cartridges (Strata C18-E, 200 mg/6 ml) 
were purchased from Phenomenex (Torrance, 
CA). LC-MS/MS analysis was performed on a 
Shimadzu Nexera system in-line with a SCIEX 
6500 QTrap. The QTrap was equipped with a 
TurboV Ionspray source and operated in nega- 
tive ion mode. SCIEX Analyst software (ver 1.6.2) 
was used to control the instruments and acquire 
and process the data. 
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Sample collection and purification 
Peritoneal lavages were obtained by flushing 
the abdominal cavity with 3 ml of PBS (pH 7.4). 
The wash was centrifuged at 400xg for 5 min 
and supernatants were stored at —-80°C. One 
milliliter of cell-free supernatant was removed 
from —80°C storage, placed on ice, and allowed 
to thaw. A 10-ul aliquot of internal standard 
solution was then added to each sample and 
the sample was vortexed. The samples were 
then transferred to a 13 x 100-mm test tube. The 
original sample vials were rinsed with 0.2 ml 
of 1:1 water:methanol and vortexed. This rinse 
was also transferred to the 13 x 100-mm test 
tube. The transferred samples were then diluted 
with 4.0 ml of 2% acetic acid (aqueous). The 
diluted samples were applied to pre-conditioned 
Strata C18 SPE cartridges. The loaded cartridges 
were washed with 3 ml of 2% acetic acid (aq) 
followed by 2 ml of 2% acetic acid (aq) with 10% 
methanol. Finally, the analytes were eluted from 
cartridges into 12 x 75-mm test tubes with 2 ml 
of acetonitrile. The samples were dried under 
nitrogen, capped and stored at -20°C until LC- 
MS analysis. 


Prostaglandin Analysis 


Immediately prior to LC-MS analysis, the samples 
were reconstituted in 50 ul of MeOH and 60 ul of 
H,O, vortexed and transferred onto a 96-well 
plate. The samples were analyzed on the above- 
referenced LC-MS system. The analytes were 
chromatographed on an Acquity UPLC BEH C18 
reversed-phase column (5.0- x 0.21-cm; 1.7 um) 
which was held at 40°C. A gradient elution pro- 
file was applied to each sample; after an initial 
hold for 0.4 min, %B was increased from 8% 
(initial conditions) to 70% over 4.0 min, and 
held at 70% for 1.1 min. Then the column was 
returned to initial conditions for 1.5 min prior to 
the next injection. The flow rate was 330 ul/min 
and component A was water with 0.05% formic 
acid, whereas component B was acetonitrile with 
0.05% formic acid. 

All analytes were detected by the SCIEX 6500 
QTrap via selected reaction monitoring (SRM) 
in negative ion mode. The SRM transition (Da) 
and collision energy (volts) are given for each 
analyte: PGE, (351.2 to 233.1, -15); PGE.-d4 
(355.2 to 237.1, -15); PGD. (351.2 to 189.1, -28); 
PGD,2-d4 (355.2 to 193.1, -28); PGFs, (353.2 to 
193.1, -34); PGF,,-d4 (357.2 to 197.1, -34); 6-keto- 
PGF), (369.2 to 163.1, -34); 6-keto-PGF,,-d4 
(373.2 to 167.1, -34); Thromboxane Bz (369.2 to 
169.1, -20); Thromboxane B,-d4 (373.2 to 173.1, 
-20); 15-HETE (319.2 to 219.1, -25); 15-HETE-d8 
(327.2 to 226.1, -25). Analytes were quantitated by 
stable isotope dilution against their deuterated 
internal standard. Data were normalized to total 
number of peritoneal lavage cells recovered. 


ChIP assays 


Human monocyte-derived DC were incubated 
in complete RPMI medium (11.1 mM glucose and 
4mM 1-glutamine) in the presence or absence of 
10 mM 2-DG and treated with 1 mg/ml zymosan, 
as previously described (23). Cells were then 
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washed and fixed in 1% formaldehyde for ChIP 
assays. Cross-linking was terminated using 0.125 M 
glycine. Nuclear extracts were collected and re- 
suspended in a lysis buffer containing a high salt 
concentration. Chromatin sonication was carried 
out using a Bioruptor device from Diagenode 
(Liege, Belgium). The chromatin solution was 
precleared by adding Protein A/G PLUS-Agarose 
for 30 min at 4°C under continuous rotation. 
After bead removal, isotype control or anti-human 
XBPIs antibodies (Clone Poly6195, Biolegend) 
was added for overnight incubation at 4°C, and 
then incubation with Protein A/G PLUS-Agarose 
was carried out for 2 hours at 4°C. Beads were 
pelleted by centrifugation at 16,000xg and se- 
quentially washed with lysis buffer high salt, 
wash buffer, and elution buffer. Cross-links were 
reversed by heating at 67°C in a water bath, and 
the DNA bound to the beads isolated by ex- 
traction with phenol/chloroform/isoamylalcohol. 
Irrelevant antibody (Ab) and sequences of the 
Pri-miR-21 promoter were used as control of 
binding specificity. The IREla-specific inhibitor 
utilized in these assays was MKC8866 (24-27). 
Results are expressed as percentage of input. 
Primers used for ChIP-PCR are in table S2. Primer 
sequences are numbered in bp from the transcrip- 
tion initiation site, but in the case of Pri-miR-21 
itis numbered from the mRNA sequence, which 
is encoded in chromosome 17, GRCh38.p7. This 
was selected because of its lack of putative XBP1s- 
binding sequences. 


RNA-sequencing and 
bioinformatic analyses 


RNA was isolated using RNeasy MinElute kit 
(Qiagen) from LPS- or zymosan-stimulated mu- 
rine bone marrow-derived DCs. All samples 
passed RNA quality control examined by Agi- 
lent Bioanalyzer 2100, and mRNA libraries were 
generated and sequenced at the Weill Cornell 
Epigenomics Core Facility. RNA-sequencing 
(RNA-seq) data was aligned using bowtie2 (58) 
against the mm10 mouse genome and RSEM 
v1.2.12 software (59) was used to estimate gene- 
level read counts using Ensemble transcriptome 
information. DESeq2 (60) was used to estimate 
significance of differential expression difference 
between any two experimental groups and gene 
expression changes of at least 1.2 fold were con- 
sidered significant if passed false discovery rate 
(FDR) < 5% thresholds. Gene set enrichment anal- 
ysis was performed using QIAGEN’s Ingenuity® 
Pathway Analysis software (IPA®, QIAGEN 
Redwood City, www.qiagen.com/ingenuity) using 
“Canonical Pathways,” “Diseases & Functions,” 
and “Upstream Regulators” options. Enrichment 
results with at least ten deregulated genes were 
considered and pathways that passed FDR<5%, 
functions with P-value < 10’ and regulators with 
P-value<0.001 were considered significant. Only 
functions and regulators with significant pre- 
dicted activation states (|Z-score|>2) were re- 
ported. Functions were additionally filtered to 
remove entries specific to cancer cell lines and 
immune cell types. Significance of overlap was 
calculated with hypergeometric test. RNA-seq 
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data was deposited to Gene Expression Omnibus 
(GEO) (www.ncbi.nlm.nih.gov/geo) under acces- 
sion no. GSE131404. 


Gene editing in human 
monocyte-derived DCs 


Human CD14" monocytes were isolated from 
peripheral blood and plated at a density of 5 x 
10° cells in 3 ml of RPMI supplemented with 
human recombinant GM-CSF at 1000 IU/ml 
and IL-4 at 500 IU/ml as described above. On 
day 6, DCs were prepared for transfection by 
washing with serum-free PBS and resuspension 
in RPMI medium supplemented with human 
recombinant GM-CSF and IL-4, at the same 
concentrations described above. DCs were then 
reverse-transfected on a 96-well plate by adding 
2.5 x 10° cells in suspension onto 150 nM sgRNA- 
CAS9 ribonucleoprotein complexes containing 
lipofectamine CRISPRMAX transfection reagent 
(Invitrogen). All materials for sgRNA-Cas9 com- 
plex generation were purchased from Integrated 
DNA Technologies, and prepared as instructed 
(61). The final sgRNA-Cas9 and CRISPRMAX 
complex concentrations per well were 50 nM and 
1% (vol/vol), respectively. Forty-eight hours post- 
transfection, genetic ablation of target genes was 
assessed via quantitative RT-PCR. 

The 20-nucleotide CRISPR-RNA (crRNA) tar- 
geting human XBP1 (Homo sapiens chromo- 
some 22, GRCh38.p12, NC_000022.11) is directed 
at the genomic sequence 5’-TGCACGTAGTCT- 
GAGTGCTGCGG-3’ (the 3 additional nucleotides 
highlighted in bold represent the protospacer 
adjacent motif, or PAM). This target sequence 
corresponds to exon 4 of the human XBPI tran- 
script and was manually chosen by identifying a 
20-base pair fragment immediately upstream of 
the highlighted PAM (62). The PAM was selected 
such that Cas9-mediated target DNA cleavage 
and resulting nucleotide would perturb XBP1u 
recognition and splicing by activated IREla 
(2, 63). The most likely on- and off-target effects 
of the manually selected CRISPR sequence were 
then analyzed using the Broad Institute’s Genetic 
Perturbation Platform (64). To validate the ge- 
nomic editing capacity of the crRNA, quantita- 
tive RT-PCR was performed on total RNA isolated 
from cells transfected with sgRNA-Cas9 complexes 
containing the XBP1 crRNA described above. The 
reverse primer for XBP/s quantification via quan- 
titative RT-PCR anneals to the same nucleotides 
as the XBPI crRNA target site. Therefore, the 
primers can only efficiently amplify intact, un- 
perturbed XBPIs cDNAs. The primers for eval- 
uating deletion efficacy are listed in Table S2. 

The genomic target sequence for the crRNA 
directed at human ERNI (Homo sapiens chro- 
mosome 17, GRCh38.p12, NC_000017.11) is 
5'-ATGTAGAGGATTCCATCTGACCC-3’. This se- 
quence was generated and chosen using the 
Zhang Lab’s crRNA design tool (65). To validate 
the genomic editing capacity of this crRNA, 
quantitative RT-PCR was performed on total 
RNA isolated from cells transfected with sgRNA- 
Cas9 complexes containing ERNI crRNA. XBPIs 
levels were used to assess the genetic perturbation 
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of IREla (2, 63), using the primer pair specified 
in table $2. The scrambled crRNA contains a 
20-nucleotide sequence that was computation- 
ally designed to be non-targeting within the 
human genome (6/). The RNA sequence for this 
non-targeting control is 5’-CGUUAAUCGCGU- 
AUAAUVACG-3’. 


Plasmid constructs and luciferase 
reporter assays 


Expression constructs used for luciferase-based 
assays are pcDNA3.1 XBP1s (NM_001079539.1), 
pcDNA3.1 CHOP (NM_001195053.1) while 
reporter constructs used are pGL3-PTGS2 pro- 
moter (—1.2 kb/+137) and pGL3-PTGES promoter 
(-1.3 kb/+35). All plasmids were generated at 
VectorBuilder. 

For dual luciferase assays, 2 x 10* HEK293FT 
cells were plated overnight in a 96-well plate 
and were transfected with the indicated plas- 
mids using Lipofectamine 3000 (Thermo Fischer 
Scientific). Eighteen ng of reporter and 2 ng of 
Renilla plasmid were cotransfected with various 
ratios (w:w) of expression plasmids (reporter: 
expression plasmid = 1:1, 1:3 or 1:5) and pcDNA3.1, 
which was added to reach a total of 200 ng of 
DNA/well. After 36 to 48 hours, cells were washed 
with PBS and were lysed in Passive Lysis Buffer 
according to the manufacturer's protocol (Dual 
luciferase reporter assay system, Promega, catalog 
#E1960) (3). Firefly and Renilla luciferase activ- 
ities were measured in 96-well plates using an 
automated luminometer (Luminoskan Ascent, 
Thermo Fischer). Firefly luciferase activity was 
normalized to its own Renilla activity. 


Administration of 
pharmacological inhibitors 


C57BL/6J mice were twice injected intraperito- 
neally with small-molecule inhibitors (at 6 hours 
and then 30 min) before acetic acid challenge 
or paw incision. KIRA6 (Medchem Express, 
cat# HY-19708), MKC8866 (Medchem Express, 
cat# HY-104040), or celecoxib (Sigma-Aldrich, cat# 
PZ0008) were used as indicated. The vehicle used 
for KIRA6, MKC8866, and celecoxib adminis- 
tration was 7% Tween-80, 3% ethanol, and 90% 
saline, as previously described (36). Briefly, anhy- 
drous compounds were dissolved at 50 mg/ml 
concentration in dimethyl] sulfoxide (DMSO), 
and then further dissolved in the vehicle at the 
desired concentrations so that a final volume 
of 200 ul was administered to each mouse via 
intraperitoneal injection. 


Single-cell suspensions from 
mouse paws 


Mice were perfused transcardially with 20 ml of 
0.1M phosphate buffer one day after paw inci- 
sion. Both anterior and posterior parts of the 
injured or non-injured paw were dissected in a 
petri dish containing 2 ml of RPMI 164 medium 
(Gibco). Tissue was dissected into small pieces 
using surgical scissors, then transferred to a 
tube containing 2 ml of 0.5 mg/ml of Type II 
collagenase (Worthigton) in RPMI 1640 (Gibco) 
and incubated for 2 hours at 37°C shaking at 
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700 rpm. The enzymatic reaction was stopped 
by adding 4 ml of 2% FBS (Sigma) in 0.1 M phos- 
phate buffer. Digested tissue was passed through 
a 40-um nylon mesh (BD Biosciences) using a 
syringe plunger. Cell suspension was centrifuged 
at 450xg for 5 min at 4°C and resuspended in 
1 ml of 2% FBS in 0.1 M phosphate buffer. Total 
cell number and cellular viability were determined 
using trypan blue staining and a hemocytometer. 
Cells were stored at -80°C in FBS containing 10% 
DMSO until subsequent flow cytometry analyses 
were performed. 


Paw incision surgery in mice 


Plantar incision surgery was performed as pre- 
viously described (35). Briefly, mice were anes- 
thetized with isoflurane in oxygen (4% induction, 
1.5 to 2% for maintenance) and the right hind 
paw was aseptically cleaned with 10% povidone- 
iodine solution. Then, a 5-mm incision was made 
in the glabrous hind-paw skin from the heel 
to the base of the toes using a No. 11 scalpel and 
sterile technique. The underlying muscle and 
ligaments were elevated with a curved forceps 
and stretched for 6 to 8 s, without incising them. 
The incision was closed using 5.0 nylon mattress 
sutures. 


Paw inflammation 


Paw perimeter was measured in both left and 
right hind paws before the surgery and after 
every behavioral evaluation. The procedure was 
performed in a consistent manner using a 4.0 silk 
thread, which was placed around the center of 
the surgery in the right paw and at the same level 
in the paw contralateral to surgery. An increase 
in the paw perimeter was considered to reflect 
augmented inflammation of the affected paw. 


Behavioral tests 


All behavioral measurements were performed 
by a blinded observer before and after surgery 
(postoperative days 1 to 21) or acetic acid intra- 
peritoneal injection (0 to 30 min). Animals were 
acclimated to the testing devices and/or places 
for 3 days, and baseline measurements were taken 
for at least 4 consecutive days before surgery or 
acetic acid injection. 

Writhing spontaneous pain behaviors were 
evaluated after intraperitoneal injection of 0.9% 
acetic acid (v/v, 5 ml/kg). The number of writh- 
ing responses was quantified immediately after 
acetic acid injection for 30 min in 5-min intervals 
by an observer blinded to genotype. Writhings 
induced by acetic acid are overt stretching be- 
haviors indicative of abdominal pain, a phenom- 
enon that is dependent upon mPGES-1 and PGE» 
(31, 32). Spontaneous exploratory activity (ambu- 
latory counts and ambulatory time) was mea- 
sured for 15 min immediately after injection of 
acetic acid in independent groups. We used a 
commercially available equipment and software, 
which was set according to the manufacturer's 
instructions (Med Associates, St. Albans, VT). 
Briefly, mice were placed in the center of an 
acrylic box (42.5 x 42.5 x 37.5 cm) with banks of 
16 beams transmitters spaced 2.5 cm apart in 
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both the x and y directions and 7 cm above the 
floor of the box (zg plane). 

Various spontaneous (non-evoked) pain-related 
behaviors were also evaluated postsurgery: 
weight bearing, grimace score, guarding score, 
rearing, and flinching activity. Mice were placed 
in individual acrylic chambers on an elevated 
mesh floor for 30 to 45 min before testing. Fol- 
lowing the acclimatization period, the number 
of total vertical rearings and paw flinches were 
quantified during a 2-min period. Vertical rear- 
ings were defined as the number of times that 
the animal stood supporting its weight on both 
hind limbs. Vertical rearings are a normal behav- 
ior in rodents. Thus, a reduction in this behavior 
was indicative of a protective response to pain 
produced by movement, which mimics pain in- 
duced by surgeries in humans. Spontaneous 
flinching of the affected paw was quantified 
every time that the animal shaked the affected 
paw without any stimulation. Flinches of the 
injured paw is a pain-related behavior that is 
indicative of breakthrough pain, similar to in- 
tense spontaneous spike of pain in humans with 
postoperative pain. When all animals had been 
evaluated for flinching behaviors, they were 
observed again in sequential order for guarding 
behaviors using the guarding score method as 
follows (66). Mice were observed for 1 min every 
10 min for a total of three times and scores are 
averaged for a final value. A score was given 
depending on the position in which the injured 
paw is found during the majority of the 1-min 
scoring period, and the following score system 
was used: 0 = full weight bearing of the paw is 
present if the wound is blanched or distorted 
by the mesh; 1 = the area of the wound touched 
the mesh without blanching or distorting; and 
2 = the paw is completely off the mesh. After 
completion of guarding assessment, the animals 
were observed again to evaluate facial expressions 
using the Mouse Grimace Scale (67). Five facial 
expression parameters were evaluated: orbital 
tightening, nose bulge, cheek bulge, ear position 
(ear pulled backward), and whisker position 
(backward, forward, clumped together). Each 
parameter was scored using the following scale: 
0 = not present; 1 = moderately present, and 2 = 
severely present. This evaluation was performed 
two times 5 min apart, and the values were aver- 
aged to have a single score per time point after 
surgery. These values were used to subtract the 
baseline value of the grimace scale (before sur- 
gery), and therefore the presented value for each 
animal is the mouse grimace scale difference score. 

Mechanical hypersensitivity, an evoked pain- 
related behavior, was evaluated after all previous 
assessments. Mechanical withdrawal thresholds 
were calculated using the up-down method and 
applying force with calibrated von Frey filaments 
(0.07 G, 0.17 G, 0.40 G, 0.60 G, 1.04 G, 1.37 G, and 
2.0 G, Stoeling, Wood Dale, IL, United States) to 
the plantar aspect of the paw for 5 s. Withdrawal 
of paws or flinching in response to a given applied 
force was noted as a positive response. 

Hind paw weight bearing distribution was 
determined using an incapacitance tester appa- 
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ratus (Stoelting, IL, version 5.64). This is a test 
for non-reflexive behaviors that represents a 
spontaneous pain-related behavior that mimics 
postoperative pain behaviors in humans (protec- 
tion of the surgery site from normal activities). 
Before surgery, animals were habituated for at 
least 3 days to the apparatus, in which animals 
stand with each hind paw resting on individual 
weight plates inside an acrylic chamber. The 
apparatus measures the body weight distributed 
between the two hind paws over a 3-s period, 
and provide the average measurement. We used 
the average value of each hind paw to deter- 
mine the weight distribution ratio (ipsilateral/ 
contralateral side). A ratio below one indicates a 
greater weight bearing on the contralateral paw 
and was therefore considered as a pain-related 
behavior. 


Immunohistochemistry 


Mice were anesthetized with isoflurane (3 to 
4% in oxygen) and perfused transcardially with 
20 ml of filtered 0.1 M phosphate-buffered saline 
(PBS) followed by 20 ml of 4% formaldehyde. 
Tissue around the injured paw was collected by 
making a rectangular incision around the injury 
about 1.5 mm apart from the center of the surgery. 
Skin and muscle associated with the incision 
were collected and postfixed for 3 hours in 4% 
formaldehyde at 4°C. Tissue was stored at 4°C 
in 30% sucrose solution for 72 hours before 
sectioning. Slices of tissue were cut at 18 um using 
optimal cutting temperature compound (Sakura 
Finetek) in a Leica cryostat and placed on coated 
slides (VWR International). Slides were then 
washed three times for 5 min with 0.1M PBS and 
blocked using a solution of 3% normal donkey 
serum (NDS) + 0.3% Triton X-100 in 0.1 M PBS 
for 1 hour at room temperature. Primary anti- 
bodies used were rabbit anti-Cox-2 (Cell Signaling, 
catalog #12282, 0.203 ug/ml) and rat anti-CD45 
(BioRad, catalog #+MCA1388, 5 ug/ml). Tissues 
with primary antibodies were incubated over- 
night at 4°C. Tissues were then washed three 
times for 5 min with 0.1 M PBS and incubated 
2 hours at room temperature with correspond- 
ing secondary antibodies: Cyanine 2-conjugated 
donkey anti-rabbit immunoglobulin G (IgG) 
(Jackson Immuno Research Labs, catalog #711- 
225-152, 3.75 ug/ml) and Cyanine 3-conjugated 
donkey anti-rat IgG (Jackson Immuno Research 
Labs, catalog #712-165-150, 3.75 ug/ml). Finally, 
slides were rinsed three times and mounted using 
anti-fade medium containing DAPI (Invitrogen) 
to allow visualization of cell nuclei. 

At least three images per slide were taken at 
20X from areas adjacent to the incision, using 
a Nikon Eclipse Ni fluorescent microscope sys- 
tem (Nikon, Japan) equipped with a Nikon DS- 
QilMc digital camera (Nikon). All images were 
acquired using the NIS elements software Version 
4.2 (Nikon, Japan). In each micrograph, CD45* 
or Cox-2* cells were quantified by a blinded ob- 
server in three random squares of 100 um? each 
using Adobe Photoshop CS6 (Adobe Systems). 
The percentage of Cox-2* cells was then calcu- 
lated in relationship to the total CD45* cells by 
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a blinded observer. For colocalization studies, 
images were acquired with an Olympus FV1200 
confocal microscope using a 40X objective lens 
(UPLFLN40XO/1.3) and 405 nm, 488 nm, and 
559 nm laser lines. Confocal images were pre- 
pared with Olympus Fluoview Version 4.2b soft- 
ware and Adobe Photoshop software. All images 
were taken from adjacent areas of the surgical 
wound ipsilateral to paw incision. 


Statistical analyses 


All statistical analyses were performed using the 
GraphPad Prism 7.0 software. Comparisons be- 
tween two groups were assessed using unpaired 
two-tailed Student’s t-test, unless otherwise 
stated. All grouped data (time course) were 
analyzed using two-way analysis of variance 
(ANOVA) and Sidak’s multiple comparisons test. 
Grimace and guarding scores postsurgery were 
analyzed using the Mann-Whitney U test. Data 
are presented as mean + standard error of the 
mean (SEM), unless otherwise stated. P-values 
lower than 0.05 were considered to be statisti- 
cally significant. 
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INTRODUCTION: Sex differences are wide- 
spread in humans and other mammals. For 
example, the distribution of height or body 
size is shifted upwards in males relative to 
females, and sex differences are found in the 
immune and cardiovascular systems as well as 
in metabolism. However, little is known about 
how gene expression differs between the sexes 
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in a broad range of mammalian tissues and 
species. A catalog of such sex-biased gene ex- 
pression could help us understand phenotypic 
sex differences. Assessing the extent to which 
sex-biased gene expression is conserved across 
the body could also have important implica- 
tions for the use of nonhuman mammals as 
models of sex-biased human biology. 


RNA sequencing in five 
species and twelve tissues 
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RNA sequencing of male and female samples in 12 tissues and five species reveals the 
functional impact and mechanistic underpinnings of sex-biased gene expression. 

A survey of sex differences in gene expression using RNA sequencing data (left) leads to the 
discovery of both conserved (species-shared) and lineage- or species-specific sex biases in 
expression across the genome. Genes with conserved sex bias contribute to the sex difference 
in mean height in humans and other mammals, whereas lineage-specific changes can be 
partially explained by gains and losses of motifs for sex-biased TFs. 
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RATIONALE: To identify both conserved and 
lineage- or species-specific sex differences in 
gene expression, we sequenced RNA from 
male and female samples in 12 tissues in each 
of four nonhuman mammals (cynomolgus 
macaque, mouse, rat, and dog) and analyzed 
these data jointly with publicly available data 
from postmortem male and female human 
tissues. To assess the impact of sex-biased 
gene expression on the sex difference in 

mean human height, we 
applied methods that in- 
Read the full article  tegrate the effects of ge- 
at http://dx.doi. netic variation on both 
org/10.1126/ gene expression and phe- 
science.aaw/317 notype (height in this 
case). We sought to under- 
stand which transcription factors (TFs) con- 
tribute to evolutionary changes in sex bias by 
analyzing motifs gained or lost concurrently 
with lineage- or species-specific changes in 
sex bias. 


RESULTS: Linear modeling revealed ~3000 
genes with conserved (species-shared) sex bias 
in gene expression, most of which was tissue 
specific. The cumulative effects of conserved 
sex bias explain ~12% of the sex difference in 
mean human height, and cases such as that of 
LCORL, a TF with conservation of both female- 
biased expression and genetic association with 
height, suggest a contribution to sex differences 
in body size beyond humans. However, most 
sex-biased gene expression (~77%) was specific 
to single species or subsets of species, implying 
that it arose more recently during evolution. 
We identified 83 instances where TFs showed 
sex-biased expression in the same tissue, in 
which their motifs were associated with gain or 
loss of sex bias at other genes, accounting for a 
significant portion (~27%) of lineage-specific 
changes in sex bias. 


CONCLUSION: By conducting a 12-tissue, five- 
species survey of sex differences in gene expres- 
sion, we found that although conserved sex bias 
in gene expression exists throughout the body, 
most sex bias has been acquired more recently 
during mammalian evolution. Height is likely 
subject to opposing selective pressures in males 
and females; our study thus documents how 
such selective forces can result in sex-biased 
expression which, when layered upon genetic 
pathways acting identically in males and fe- 
males, can lead to trait distributions shifted 
between the sexes. Our findings also suggest 
that, in many cases, molecular sex differences 
observed in humans may not be mirrored in 
nonhuman mammals. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: dcpage@wi.mit.edu 

Cite this article as S. Naqvi et al., Science 365, eaaw7317 
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Sex differences abound in human health and disease, as they do in other mammals used as 
models. The extent to which sex differences are conserved at the molecular level across 
species and tissues is unknown. We surveyed sex differences in gene expression in human, 
macaque, mouse, rat, and dog, across 12 tissues. In each tissue, we identified hundreds 
of genes with conserved sex-biased expression—findings that, combined with genomic 
analyses of human height, explain ~12% of the difference in height between females and 
males. We surmise that conserved sex biases in expression of genes otherwise operating 
equivalently in females and males contribute to sex differences in traits. However, most 
sex-biased expression arose during the mammalian radiation, which suggests that careful 
attention to interspecies divergence is needed when modeling human sex differences. 


ales and females exhibit differences 

across a wide range of biological pro- 

cesses. Studies in humans have documented 

sex differences in anthropometric traits 

(1), energy metabolism (2), brain mor- 
phology (3), and immune (4) and cardiac (5) 
function. Sex differences are also evident in the 
incidence, prevalence, and mortality across dis- 
eases, including autoimmune disorders (6), car- 
diovascular diseases (7), and autism (8). Sex 
differences are common in other mammals be- 
sides humans, many of which are models of sex- 
biased human traits and diseases (9). For example, 
males are larger than females in most mamma- 
lian species (10), whereas sex differences in brain 
structures (17) and immune (72) and cardiac (13) 
function have been observed in rodents. These 
phenotypic sex differences are likely associated 
with, and may be caused by, sex differences in 
gene activity or function. 

The sex chromosomes are one source of sex 
differences in gene activity. The Y chromosome 
harbors male-specific genes (14), some broadly 
expressed (75). Incomplete inactivation of the 
second X chromosome in females results in 
female-biased expression of some X-linked genes 
(16). However, given the scale and complexity 
of gene networks, and the greater number of 
autosomal genes, it is unlikely that sexually di- 
morphic expression of sex-linked genes accounts 
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for all phenotypic sex differences in mammals. 
Understanding the molecular origins of these 
sex differences therefore requires a genome-wide, 
multitissue, and comparative approach to sex 
biases in gene expression. 

Our understanding of sex bias in mammalian 
gene expression is lacking in three regards. First, 
the degree to which sex-biased expression is con- 
served across the mammalian lineage and the 
extent of conservation in different tissues and 
organ systems are unknown. Multitissue studies 
of sex bias in gene expression focused on hu- 
mans (17, 18) or mice (19). Multispecies studies 
in Drosophila (20-24) examined RNA from whole 
carcasses or gonads, whereas studies in mammals 
that examined nonreproductive tissues focused 
on single tissues (25, 26). Second, little is known 
about how sex differences in gene expression 
across the body cumulatively result in pheno- 
typic sex differences. Sex-biased expression of 
the autosomal genes VGLL3 (27) and IL-33 (28), 
as well as the X-linked gene TLR7 (29), appears 
to contribute to sexually dimorphic immune 
phenotypes. However, most complex traits are 
polygenic and underpinned by variation in hun- 
dreds or even thousands of genes (30). Third, 
apart from single-gene studies in Drosophila (31), 
lineage-specific regulatory changes that drive 
the evolution of sex-biased expression remain 
unexplored. Progress has been made in under- 
standing mechanisms of X-linked dosage com- 
pensation (32, 33), the lack of which can lead to 
sex-biased expression on the X chromosome, 
but additional mechanisms likely contribute to 
genome-wide sex-biased gene expression. Thus, 
previous studies sought to understand the ex- 
tent of sex-biased expression across either tis- 
sues (17-19) or species (25, 26), or they explored 


its phenotypic impact (27-29) or underlying evo- 
lutionary mechanisms (37) for individual genes. 
Assessing sex-biased expression across tissues 
and species, together with its cumulative contri- 
bution to phenotypic sex differences, would ad- 
vance our understanding of molecular differences 
between males and females. 


Results 
A five-species, 12-tissue survey of sex 
differences in gene expression 


To assess sex differences in nonhuman mam- 
mals, we collected RNA sequencing data from 
three males and three females from cynomolgus 
macaque (Macaca fascicularis, cyno), mouse (Mus 
musculus), rat (Rattus norvegicus), and dog (Canis 
familiaris). Together with humans, these five 
species, whose last common ancestor lived 80 to 
100 million years ago, span the evolution of the 
Boreoeutheria, including all placental mammals 
except Afrotheria and Xenarthra (which include 
the elephant and anteater, respectively). We sam- 
pled 12 tissues from each individual: adipose, 
adrenal gland, brain, colon, heart, liver, lung, 
muscle, pituitary, skin, spleen, and thyroid. These 
tissues represent many organ systems and all 
three germ layers (Fig. 1A). We designed tissue 
collection and processing procedures to minimize 
biological and technical variation (34) (table S1). 
We used our RNA sequencing (RNA-seq) data to 
systematically improve the transcriptome anno- 
tations of each nonhuman mammalian species, 
which we then assessed using the percentage of 
reads from independent studies that mapped to 
our annotations versus existing annotations 
(e.g., a 16% increase in read mapping rate in dog) 
(fig. SI). 

To assess sex differences in humans, we ana- 
lyzed RNA-seq data from the Genotype-Tissue 
Expression Consortium (GTEx, v6p release) (35). 
To reduce the possibility of sex biases in cell-type 
composition, pathology, or other factors driving 
our results, we performed stringent quality con- 
trol for samples from each of the 12 target tissues 
using individual- and sample-level metadata from 
GTEx and our own evaluation of histological 
images (34) (table S2). We adjusted gene expres- 
sion values using top principal components to 
remove variation due to hidden technical or bio- 
logical confounders. In three tissues (adipose, 
brain, and skin) for which expression data from 
purified cell populations is available, there is a 
correlation between sample-level cell-type pro- 
portions estimated by CIBERSORT (36) and top 
principal component loadings (fig. S2). Although 
this approach controls for variation in cell-type 
composition in the human samples, we acknowl- 
edge that some sex biases, especially those spe- 
cific to nonhuman mammals, could reflect sex 
differences in cell-type composition. 

We removed outlier samples (34) to obtain 
740 human and 277 nonhuman RNA-seq sam- 
ples (see table S3 for human sample sizes by sex 
and tissue). We clustered all nonhuman sam- 
ples and a randomly chosen subset of human 
samples, using the expression levels of 12,939 
one-to-one orthologous protein-coding genes. 
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Fig. 1. Five-species, 12-tissue survey of sex differences in gene expression. (A) Schematic of study design, with tissues chosen for analysis in all 
five species highlighted in humans. (B) Hierarchical clustering of 349 RNA-seq samples. (Top) Pairwise estimates of Jensen-Shannon divergence (JSD) 
between pairs of samples. Six random human samples per tissue, in addition to all nonhuman samples, were included for display purposes. (Middle) Tree 
dendrogram obtained by hierarchical clustering (average linkage) based on pairwise JSD values. (Bottom) Sample labels by tissue, species, and sex. 


With the exception of human adipose tissue 
and lung, which cluster closely together, sam- 
ples cluster first by tissue and then by species 
(Fig. 1B). This tissue-dominated clustering agrees 
with prior studies (37, 38) and indicates con- 
sistent sampling of tissues across species and 
also that the nonhuman data generated in this 
study are comparable to the human data from 
GTEx (35). There are no cases where samples 
cluster by sex before tissue or species, indicat- 
ing that species effects dominate over sex effects. 
Nevertheless, sex contributes significantly to 
gene expression variation as pairwise within-sex 
distances in each tissue-species combination are 
significantly lower than pairwise between-sex 
distances (fig. S3). 

Both our reanalysis of GTEx data and our 
analysis of our own data replicated published 
estimates of sex bias in six human and mouse 
tissues (27, 39-45) (Pearson’s correlation co- 
efficient 7 = 0.29 to 0.92) (figs. S4. and S5). These 
results indicate that expression values are com- 
parable across species and yield reproducible 
estimates of sex bias. 
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Conserved sex-biased gene expression 
exists across the body 

Within each tissue, we used a linear mixed model 
to identify genes that showed a consistent sex 
bias [false discovery rate (FDR) 4.5%, as esti- 
mated by permutation of male and female sam- 
ple labels] across species while controlling for 
differences in expression variability and sample 
size between species. Further, we required that 
genes show a fold change = 1.05 in the same di- 
rection in at least four of the five species studied. 
We assume that such genes likely had a conserved 
sex bias in the common ancestor of Boreoeutheria 
(example in Fig. 2A). Of 113,853 expressed gene- 
tissue pairs, 3885 pairs (corresponding to 3161 
genes) show a conserved sex bias. We used a 
rank-based statistic to confirm that gene-tissue 
pairs with conserved sex bias also have low 
P values for sex bias in each of the individual 
species (fig. S6). Conserved sex bias is generally 
of modest magnitude (~90% of sex-biased gene- 
tissue pairs had a less than twofold change 
between the sexes) (fig. S7) but reproducible in 
independent datasets (Pearson’s 7 = 0.18 to 0.78) 


(fig. S8). The number of genes with conserved sex 
bias per tissue varies from 128 in colon to 805 in 
pituitary (Fig. 2B and table S4) and is not corre- 
lated with tissue sample size or rates of between- 
species gene expression divergence (Pearson’s 
r = 0.093 and 0.0083 and P = 0.77 and 0.97, 
respectively) (fig. S9). A naive approach, re- 
quiring P < 0.05 in at least four of five species 
for each tissue, found a smaller number of gene- 
tissue pairs with conserved sex bias but revealed 
between-tissue patterns that were correlated with 
results from the linear mixed model (fig. S10). Of 
genes with conserved sex bias in any of the 12 
tissues examined, 562 genes (18%) are sex-biased 
in more than one tissue (Fig. 2C). In cases of 
multitissue sex bias, the bias is significantly more 
likely to be in the same direction in multiple 
tissues (P = 0.00035, two-sided Fisher’s exact 
test) (Fig. 2D). Thus, conserved sex bias in gene 
expression is mostly tissue-specific, but a signif- 
icant minority of genes shows concordant sex 
bias across multiple tissues, implying that some 
regulatory factors result in similar profiles of sex- 
biased expression in multiple tissues or cell types. 
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Fig. 2. Conserved sex bias in gene expression across the body. (A) Example of gene with conserved female-biased expression. CPM, counts per 
million. (B) Heatmap of conserved male (blue) and female (orange) sex bias across genes (rows) and tissues (columns). (C) The y axis represents 
number of genes with conserved sex bias in one (left) or multiple (right) tissues. (D) Of genes with conserved sex bias in multiple tissues, the number 
concordant (same direction) or discordant (opposite direction) in multiple tissues is plotted. Significance as assessed by two-sided Fisher's exact test 


comparing to equal proportions. 


We considered the extent to which genes with 
conserved sex-biased expression were enriched 
for sex linkage. All assayed Y-linked genes are 
male-biased (fig. S11A), as expected, whereas 
X-linked genes are significantly enriched for 
conserved female bias (2.1- to 10.2-fold increase 
relative to autosomes two-sided Fisher’s exact 
test) (fig. SIIB). The enrichment for X-linked 
genes is driven by genes that escape X inacti- 
vation in females. In turn, the enrichment for 
X-escape genes is largely driven by the subset of 
X-escape genes that have a nonrecombining 
Y-linked homolog in mammals (two-sided Fisher’s 
exact test) (fig. SIIB). Despite these enrichments, 
most (85 to 95%, depending on the tissue) genes 
with conserved sex bias are autosomal (fig. S12). 
We compared the magnitude of sex bias between 
autosomal and X-linked genes using indepen- 
dent, publicly available datasets (27, 39, 40, 43, 44) 
(seven mouse, three human) to avoid ascertain- 
ment bias. X-linked genes show significantly 


Naqvi et al., Science 365, eaaw7317 (2019) 


19 July 2019 


higher magnitudes of sex bias in four of the ten 
datasets (adjusted P < 0.05, two-sided Wilcoxon 
rank-sum test) (fig. S13). Thus, the sex chromo- 
somes, primarily as a result of harboring genes 
with both X- and Y-linked homologs, contribute 
a small but significant fraction of conserved sex 
bias in gene expression. 


Most sex bias in gene expression has 
arisen since the last common ancestor 
of boreoeutherian mammals 


We investigated sex-biased gene expression spe- 
cific to subsets of the five species, mindful that 
differences in statistical power between species 
could result in false positive calls of lineage- 
specific sex bias. For example, a gene with true 
primate-specific male bias might falsely appear 
to have a human-specific male bias if its ex- 
pression is significantly biased in humans but 
does not reach statistical significance in cyno. 
At the same time, false positive calls of sex bias 


in single species will by necessity appear to be 
species specific. We used mashr (46) to model 
the covariation in sex bias across tissues and 
species and to more confidently determine the 
lineage of sex bias. We repeated the mashr 
procedure using permuted male/female sample 
labels to empirically estimate the FDR for any 
given set of sex-biased genes (34). This increased 
the number of rodent-specific gains of sex bias 
in most tissues (fig. S14). After using mashr to 
estimate sex bias in each tissue-species com- 
bination, we assigned each sex-biased gene-tissue 
pair (other than those with conserved sex bias) 
to one of 12 lineage-specific categories by parsi- 
mony: primate-specific gains or losses, rodent- 
specific gains or losses, gains specific to one of 
the five species, multiple gains or losses, and 
more complex patterns of sex bias inconsistent 
with single gains or losses (examples in Fig. 3A 
and table S4). In each category, we used the 
permutation-estimated FDR to estimate the 
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Fig. 3. Most sex bias in gene expression has arisen since the last 
common ancestor of Boreoeutheria. (A) Examples of genes with 
lineage-specific sex bias. (B) Number of true-positive sex-biased gene- 
tissue pairs (y axis) in each evolutionary class was calculated as the 
difference between the total number discovered across all tissues using 
true or permuted sex labels. Evolutionary classes defined in main text are 


number of true positive sex-biased gene-tissue 
pairs. 

We assessed how much of the sex-biased gene 
expression observed in the five species was pres- 
ent in the common ancestor of Boreoeutheria 
(i.e., ancestral). Instances of ancestrally sex- 
biased expression included gene-tissue pairs that 
we previously identified as having a “conserved” 
sex bias as well as gene-tissue pairs that lost 
sex bias in the primate or rodent lineages or in 
multiple lineages. Instances of acquired sex bias 
included gene-tissue pairs with primate-, rodent-, 
or species-specific sex bias, as well as multiple 
gains of sex bias. By this logic, 6539 (23%) of sex- 
biased gene-tissue pairs were likely sex-biased 
in the common ancestor, and 22,194 (77%) likely 
acquired sex bias after divergence from a common 
ancestor. An additional 8495 gene-tissue pairs ex- 
hibited more complex patterns and could not be 
confidently assigned as ancestrally sex-biased or 
acquired (Fig. 3B). If all such “complex” events 
were ancestral, the ancestral fraction of sex bias 
would be 40%, whereas if they were acquired, 
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Complex 


the fraction would be 18%. Performing these 
calculations in each tissue separately, we found 
that ancestral sex bias constituted the minority 
of total sex bias in all tissues except the pituitary 
(Fig. 3C). We also quantified the fraction of an- 
cestral bias using a range of fold-change cutoffs 
up to 1.5 and found that, for all cases, ancestral 
sex bias was in the minority (fig. S15). Repeating 
this analysis with conserved sex bias called by 
mashr rather than the linear mixed model yielded 
similar results, with both methods detecting 
similar numbers of gene-tissue pairs with con- 
served sex bias (fig. S15). We conclude that most 
sex bias in gene expression in nonreproductive 
tissues arose during, rather than before, the 
boreoeutherian radiation. 


Sex-biased gene expression is 
associated with reduced 
selective constraint 


We assessed the degree of selective constraint 
operating on sex-biased gene expression. Rea- 
soning that genes functioning across many 


Ancestral fraction of sex bias 


designated as ancestral, acquired, or complex relative to last common 
ancestor of Boreoeutheria (the five species considered here). 

(C) Comparisons of ancestral to acquired sex biases as in (B), but 
performed in each tissue separately. Upper and lower confidence 
intervals represent fraction of sex bias estimated to be ancestral when 
counting all complex events as ancestral or acquired, respectively. 


tissues and cell types face increased selective 
constraint on gene expression levels, we com- 
pared the breadth of expression of genes with 
and without sex bias, in each tissue. Sex-biased 
genes showed significantly lower expression 
breadth than genes with no bias, with the ex- 
ception of lung, where sex-biased genes were 
more broadly expressed (adjusted P < 0.05, two- 
sided Wilcoxon rank-sum test) (Fig. 4A). These 
differences in expression breadth could either be 
downstream consequences of, or have predated, 
the observed sex bias. We thus analyzed expres- 
sion breadth in chicken, an evolutionary outgroup 
to mammals, reasoning that patterns found in 
both human and chicken were likely present in 
the common mammalian ancestor before the 
acquisition of sex bias. Again, sex-biased genes 
in mammals showed almost uniformly lower ex- 
pression breadth in chicken than unbiased genes 
(adjusted P < 0.05, two-sided Wilcoxon rank-sum 
test) (fig. S16). 

To assess conservation of expression levels in 
a tissue-specific manner, we used estimates of 
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Fig. 4. Sex-biased gene expression is associated with reduced selective constraint. In each 
tissue, genes were binned as showing no sex bias or showing sex bias of any evolutionary type. 
Human breadth (A) was calculated on the basis of median expression values in the 12 selected GTEx 
tissues (34), expression constraint (B) represents the genome-wide percentile, and sequence 
conservation (C) is calculated as the mean coding phyloP score (34). In each heatmap, the group 
median of the indicated gene-level trait is plotted; asterisks indicate a Benjamini- Hochberg—adjusted 
P< (0.05 from a two-sided Wilcoxon rank-sum test, placed on the group (“No bias” or “Sex-biased”) 


with the lower value of the gene-level trait. 


mammalian gene expression-level constraint 
learned from 16 species (47) and seven tissues, 
five of which were also assessed in our study. As 
with expression breadth, sex-biased genes showed 
lower constraint than unbiased genes in heart, 
muscle, and liver but higher constraint in lung 
(adjusted P < 0.05, two-sided Wilcoxon rank-sum 
test) (Fig. 4B). 

We observed that genes sex-biased in heart, 
spleen, and liver showed lower sequence con- 
servation than unbiased genes, whereas genes 
sex-biased in adipose, brain, and lung showed 
higher sequence conservation than unbiased 
genes (adjusted P < 0.05, two-sided Wilcoxon 
rank-sum test) (Fig. 4C). Thus, some sex-biased 
genes are relatively strongly constrained at the 
sequence level, perhaps because they perform 
important or pleiotropic functions. However, con- 
sidering both expression levels and sequence con- 
servation, our findings indicate that sex-biased 
gene expression is primarily associated with re- 
duced selective constraint, from before the di- 
vergence of the boreoeutherian lineages. 


Conserved sex bias in autosomal gene 
expression contributes to sex differences 
in mammalian height and body size 


Males are larger than females in most mamma- 
lian taxa (10). Human males are, on average, 10 
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to 15 cm (7 to 13%) taller than females, but the 
distributions of height in males and females 
overlap substantially (Fig. 5A). The genetic ar- 
chitecture of human height is polygenic and 
largely shared between the sexes. A recent meta- 
analysis reported 712 genome-wide significant 
loci (48), and only a handful of sex-specific asso- 
ciations with height have been discovered (49, 50); 
recent human studies reported a between-sex 
genetic correlation of 0.96 (50, 57). Studies in 
humans and other mammals have concluded 
that height is likely subject to opposing selective 
pressures between the sexes, where increased 
height enhances reproductive success in males 
and decreased height favors reproductive suc- 
cess in females (52, 53). 

Could sex-biased gene expression contribute 
to the sex difference in height and body size 
observed in humans and other mammals? To 
link variation in gene expression to variation in 
height, we turned to transcriptome-wide asso- 
ciation studies (TWAS) that integrate an expres- 
sion quantitative trait loci (e@QTL) study from a 
given tissue or cell type and genome-wide asso- 
ciation studies (GWAS) of a given trait (54). 

If sex-biased gene expression contributes to 
sex differences in height, genes with male-biased 
expression levels should mostly identify height- 
increasing effects, as measured by TWAS, where- 
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as female-biased genes should identify height- 
decreasing effects. We considered genes with 
genome-wide significant associations for height, 
as annotated in the NHGRI-EBI GWAS catalog 
(55). We used TWAS to combine height GWAS 
statistics from a meta-analysis (48) of data from 
the UK Biobank (56) and GIANT consortium (57) 
(which we verified were correlated; Pearson’s 7 = 
0.83, P < 2.2 x 10°") (fig. $17) with reference 
eQTL panels from 43 different tissues gener- 
ated using data from GTEx (35). TWAS z-scores 
largely agree in sign across the 43 tissues (figs. 
$18 and S19; see table S5 for all TWAS z-scores). 
We therefore combined g-scores for each gene 
across tissues by meta-analysis. Sixty-two genome- 
wide significant height genes have both computed 
TWAS z-scores and conserved sex bias in at least 
one tissue. Genes with conserved male-biased ex- 
pression have more-positive TWAS g-scores than 
genes with conserved female-biased expression 
(mean z-score difference = 18, P = 0.023, group 
permutation test), but this difference was not 
seen when analyzing genes with human-specific 
or primate-specific sex bias (Fig. 5B). Expanding 
our analyses to include TWAS results for all 
genes allowed for greater stringency by only con- 
sidering TWAS z-scores calculated for the same 
tissue in which sex-biased expression was ob- 
served. Five hundred sixty gene-tissue pairs have 
both computed TWAS z-scores and conserved 
sex bias; these are distributed across all 12 tis- 
sues, with the largest numbers in muscle, adi- 
pose, and pituitary (fig. S20), and they are enriched 
for metabolic functions (adjusted P value < 0.05, 
two-sided Fisher’s exact test) (table S6). Gene- 
tissue pairs with conserved male bias have more- 
positive TWAS z-scores than those with conserved 
female bias (mean z-score difference = 0.7, P = 
0.039, group permutation test), but this differ- 
ence was not seen when considering gene-tissue 
pairs with human- or primate-specific sex bias 
(Fig. 5C). Together, these results indicate that 
genes with conserved male-biased expression 
show height-increasing effects, whereas genes 
with conserved female-biased expression show 
height-decreasing effects. 

We sought to quantify the fraction of sex dif- 
ference in height explained by conserved sex 
bias in gene expression, focusing on cases where 
the sex bias was in the same tissue as the TWAS 
z-score (i.e., Fig. 5C). We estimated the contri- 
bution of conserved sex bias to the height sex dif- 
ference with two approaches. One approach used 
a physical scale with the effect sizes of eQTLs in 
GWAS, and the other examined a relative fold- 
change on the basis of TWAS z-scores (34) (fig. S21). 
The two approaches yielded similar estimates of 
the contribution of conserved sex-biased gene ex- 
pression: ~1.6 cm, or 12%, of the observed sex 
difference in mean height. 

Genes with conserved male and female bias 
show the largest difference in height TWAS 
&-scores, suggesting a contribution to sex differ- 
ences in size in other mammals. Indeed, all five 
species assessed in this study exhibit sex differ- 
ences in size (fig. S22). Consider the transcription 
factor LCORL, which shows conserved female 
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Fig. 5. Conserved sex bias in autosomal gene expression contributes to sex differences in 
human height. (A) Overlapping but shifted distributions of male and female heights. Theoretical 
normal distributions using published means and standard deviations of male and female 

heights in individuals of European ancestry from the United Kingdom (53). (B) TWAS z-scores for 
genome-wide significant height genes with either female (orange) or male (blue) bias in one 

of 12 tissues, either conserved across mammals (left), specific to humans (middle), or specific to 
primates (right). For each gene, TWAS z-scores were meta-analyzed across 48 GTEx tissues. 

(C) TWAS z-scores for gene-tissue pairs with either female (orange) or male (blue) bias, either 
conserved across mammals (left), specific to humans (middle), or specific to primates (right), 

in all cases in same tissue as computed TWAS z-score. Points represent group means; whiskers 
represent 95% confidence intervals. P value for mean difference calculated by 1000 permutations of 


male and female point labels. 


bias in the pituitary (fig. S23A) and is height- 
decreasing in humans (cross-tissue TWAS z-score = 
—28.7). Although LCORL lacks a predictive TWAS 
model in the pituitary, an allele at the LCORL 
locus associated with increased expression in the 
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pituitary is associated with decreased height (fig. 
$23B). Notably, genetic variation at the LCORL 
locus has been associated with height or body 
size in dogs (58), cattle (59), and horses (60). 
Reanalysis of publicly available RNA-seq data 
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(61) shows that LCORL is one of the most 
strongly female-biased autosomal genes in the 
cattle pituitary (1.6-fold higher in females) 
(fig. S23C and table $7). An allele associated 
with increased body size in horses is associ- 
ated with decreased LCORL expression in hair 
root (62), indicating that the negative associ- 
ation between LCORL expression and height 
likely extends beyond humans. These observa- 
tions suggest that female-biased expression of 
LCORL contributes to sex differences in size in 
multiple species. Beyond LCORL, studies have 
observed significant overlap in genome-wide- 
significant height loci between humans (57), 
dogs (58), and cattle (59) (table S8), suggesting 
a broader contribution of conserved sex-biased 
gene expression to sex differences in body size 
in a range of mammals. 


Conserved and acquired sex biases in 
gene expression are similarly enriched 
for specific biological pathways and 
show similar magnitudes of bias 


Our results indicate that although sex-biased 
gene expression overall shows signs of lowered 
selective constraint, conserved sex bias contrib- 
utes to sex differences in height or body size. 
This raises the possibility that more-recently 
acquired sex bias in expression has little or no 
functional impact. To assess this possibility, we 
compared genes with either conserved or ac- 
quired sex bias with respect to (i) overrepre- 
sentation in specific biological pathways via 
Gene Ontology (GO) category enrichment and 
(ii) the magnitude of their sex bias. 

We observed similar degrees of enrichments 
for biological pathways among conserved and 
acquired sex biases. Genes with conserved male 
bias in pituitary are enriched for cyclic adeno- 
sine monophosphate signaling, which functions 
in response to stress (63). Genes with conserved 
female bias in colon and thyroid are enriched for 
adaptive immune pathways, whereas genes with 
conserved female bias in adipose tissue are en- 
riched for mitochondrial translation and ribo- 
somal RNA processing. At the same time, genes 
with acquired male bias in the liver, adipose 
tissue, and heart are enriched for functions 
related to fatty acid metabolism, regulation of 
hormone secretion, and nucleotide metabolism, 
respectively, and genes with acquired female bias 
in the liver are enriched for extracellular matrix 
organization (adjusted P < 0.05, two-sided Fisher’s 
exact test) (table S6). 

We compared the magnitude of conserved and 
acquired sex bias using 10 independent human 
and mouse datasets to minimize differences due 
to ascertainment; we found no significant differ- 
ences (adjusted P > 0.05, two-sided Wilcoxon 
rank-sum test) (fig. S24). Considering that con- 
served sex bias, although generally small in 
magnitude, can nevertheless contribute to sex 
differences in height, these results suggest that 
acquired sex bias could also be functionally 
consequential. Additional studies are needed to 
demonstrate the functional impact of acquired 
sex-biased gene expression. 
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Evolutionary turnover of motifs for 
sex-biased transcription factors reflects 
lineage-specific changes in sex bias 

One mechanism by which sex-biased expression 
could evolve is via sex-biased transcription fac- 
tors (TFs). For example, male-biased TF expres- 
sion in muscle would result in higher TF activity 
in male muscle. Genes that acquired motifs for 
this TF in, for example, the primate lineage 
would then show a primate-specific sex bias in 
muscle. To test this idea, we searched for motifs 
enriched in the promoters of sex-biased genes 
with lineage-specific changes in a given tissue, 
relative to their unbiased orthologs. We repeated 
this analysis with random, equally sized sets of 
genes showing no lineage-specific sex bias in 
order to calculate an empirical P value for motif 
enrichment (34). Because of the nonparametric 
nature of this P value calculation and our desire 
to analyze enriched motifs inclusively as a set, 
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we considered motifs at a 10% FDR. We found 
83 instances in which such motifs matched pre- 
dicted binding sites of TFs with sex bias in the 
same tissue (Fig. 6A and table S9). This was 
significantly more (P = 0.014, tissue permuta- 
tion test) than the ~67 instances of matches 
expected when randomly assigning the tissue of 
sex bias for each TF (Fig. 6B), which, combined 
with the 10% FDR for motif discovery, yields 
~6.7 matches expected by chance. By quantify- 
ing the enrichment of each motif in its corre- 
sponding set of sex-biased orthologs (34), we 
estimated that these 83 instances account for 
the lineage-specific sex bias of 6073 gene-tissue 
pairs, or 27% of all lineage-specific sex bias. Fur- 
thermore, 13 TFs showed matches to enriched 
motifs in more than one tissue, significantly more 
than the approximately one such TF expected by 
chance (P = 0.032, tissue permutation test), as 
determined by the motif discovery FDR and per- 
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muting the tissue of TF sex bias as described 
above (fig. S25). This suggests that gains and 
losses of motifs for sex-biased TFs could, in some 
cases, coordinate the evolution of sex-biased gene 
expression across multiple tissues or cell types. 
To confirm that genes with lineage-specific 
gains or losses of motifs for sex-biased TFs are 
TF-bound in living cells, we leveraged publicly 
available data from chromatin immunopreci- 
pitation sequencing (ChIP-seq) in human and 
mouse (table S9). Although these assays were 
almost invariably performed in a different cell 
type than the tissue of TF sex bias and motif gain, 
we reasoned that sex-biased genes with gained 
motifs in a given tissue should nevertheless show 
enrichment for TF ChIP-seq signal. Eleven of 15 
cases with available data showed significant en- 
richment of ChIP-seq peaks in the promoters of 
genes with a gain or loss of sex bias and the 
relevant motif, relative to a background set of 
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Fig. 6. Evolutionary turnover of motifs for sex-biased transcription 
factors is associated with gains and losses of sex bias. (A) Represent- 
ative gained or lost motifs in promoters of genes with lineage-specific 
gains or losses of sex bias (top) aligned with motifs for sex-biased TFs in 
same tissue (bottom). The lineage of sex bias gain or loss is indicated 
above each motif; the sex-biased TF and lineage of its sex bias are 
indicated below. (B) Total number of matches between gained or lost 
motifs and sex-biased TFs when considering tissue of TF sex bias (black) 
or randomly chosen tissues (gray). (©) Enrichment of ChIP-seq peaks in 
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promoters of genes with lineage-specific sex biases containing gained or 
lost motifs for the TF. The sex-biased TF, along with tissue of sex bias and 
motif gain or loss and cell type in which ChIP-seq was performed, are 
indicated to left. The logs odds ratio for genes with lineage-specific sex bias 
and containing the motif as compared with a background set of genes 
with no motif is shown on the x axis, with 95% confidence intervals by 
Fisher's exact test. (D) Effect of Pknox1 knockout (x axis) (64) versus sex 
bias (y axis), both in mouse muscle, for genes that show loss of sex bias 

in primate lineage and contain a motif for PKNOX1 in mouse. 
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genes lacking the motif (two-sided Fisher's exact 
test), which is consistent with this prediction 
(Fig. 6C). Thus, the evolutionary gains and losses 
of motifs we observed likely correspond to gains 
and losses of binding by cognate TFs. 

If gains and losses of motifs for sex-biased TFs 
contribute to lineage-specific changes in sex bias 
in their target genes, there should be directional 
agreement between the activating or repressive 
effect of the TF, the sex bias of the TF, and the sex 
bias of the target gene. For example, target genes 
activated (or repressed) by a male-biased TF should 
be male (or female) biased, and the opposite 
should be true for female-biased TFs. Rigorously 
testing this prediction requires experimental 
manipulation of the TF in the tissue where 
lineage-specific changes in sex bias are observed. 
Such data are available for PKNOX1, a homeobox 
TF with conserved male-biased expression in 
muscle (64) (fig. S26). Genes with loss of muscle- 
specific sex bias in the primate lineage show 
depletion (at a stringent 5% FDR) of PKNOX1- 
matching motifs relative to mouse, rat, and dog 
(Fig. 5A, examples of PKNOX1 targets in fig. S26). 
Genes with a PKNOX1-matching motif show sig- 
nificant positive correlation between the effect of 
Pknox1 knockout (64) and the effect of sex on 
muscle gene expression (Pearson’s 7 = 0.40, P = 
9.02 x 10°°) (Fig. 6D). Thus, both ChIP-seq and 
TF knockout data confirm that gains and losses 
of regulation by sex-biased TFs have contributed 
to the evolution of sex bias. 


Discussion 


Comparative studies of sex-biased gene expres- 
sion have implications for the use of nonhuman 
mammals as models of sex-biased human traits 
or diseases. Conserved sex bias in gene expres- 
sion across the body indicates that certain mole- 
cular sex differences in humans are amenable 
to study in a wide range of mammalian model 
organisms. However, in many cases, nonhuman 
models may not adequately recreate the human 
sex differences in question. This is supported by 
two lines of evidence: (i) in each tissue, samples 
cluster by species rather than sex, and (ii) most 
sex bias in gene expression has arisen recently 
and is thus not shared between most mammals. 
For example, genetic variants that decrease ex- 
pression of the TF KLFI4 in human adipose 
tissue tend to increase insulin resistance and 
risk for type 2 diabetes only in females, but 
elimination of K/f14 expression in mouse adipose 
tissue leads to analogous phenotypes in both 
sexes (65). Nonhuman mammals may still be 
useful as models of physiological or systems- 
level sex differences, but caution should be 
exercised when extrapolating specific molecular 
findings to humans. 

We find that conserved sex bias in autosomal 
gene expression explains ~12% of the sex differ- 
ence in mean human height, whereas all com- 
mon single-nucleotide polymorphisms are thought 
to explain 60% of the heritability of height (66). 
Although these two numbers are not directly 
comparable (the former relates to between-group 
differences, the latter to between-individual var- 
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iation), these height heritability estimates suggest 
that additional genes and instances of sex bias 
relevant to sex differences in height remain to be 
discovered. Deletions of the SHOX gene, located 
in the pseudoautosomal region of the human X 
and Y chromosomes, contribute to short stature 
in Turner syndrome (67), whereas increases in 
sex chromosome number (and thus SHOX dos- 
age) increase height (68). Although the height 
GWAS used here excluded the pseudoautosomal 
regions, precluding analysis of SHOX, targeted 
studies indicate that SHOX dosage is positively 
correlated with height (67, 68). In light of reports 
that expression of SHOX is male-biased in mul- 
tiple tissues (6), it may be that SHOX contri- 
butes a fraction of the sex difference in height 
[discussed further in (69)]. 

Studies of selection on height have illustrated 
how males and females can have different op- 
timal values for a quantitative trait, with increased 
height favored in males and decreased height 
favored in females (53). Our finding that con- 
served sex bias in gene expression contributes 
to sex differences in height suggests one way in 
which such optimal values can be reached— 
through the acquisition and maintenance of sex- 
biased gene expression (70). Thus, although 
some conserved sex bias in gene expression may 
have arisen through selectively neutral processes, 
opposing selective forces between the sexes ap- 
pear to have been at work here. Height is also 
subject to balancing selection, in which extreme 
variation in either direction negatively impacts 
reproductive fitness (53). A recent study in 
Drosophila found a strong signature of balancing 
selection at loci with opposite fitness effects in 
females and males, establishing that sexual an- 
tagonism and balancing selection can coincide 
(71). Future studies may identify mechanisms 
that reduce fitness at the extremes of the height 
distributions in both sexes. Whereas our study 
focused exclusively on height, genetic pleiotropy 
may broaden the reach of our findings. Sex- 
biased gene expression resulting from opposing 
selective pressures on male and female height 
could result in sex differences in phenotypes yet 
to be identified. 

Our results also illustrate one way in which 
sex-biased gene expression can lead to pheno- 
typic sex differences: autosomal genes, operat- 
ing identically in males and females to influence 
a trait, can be expressed more abundantly in 
one sex. Although most genetic variation in- 
fluencing height acts identically between the 
sexes, pronounced sex-specific genetic effects 
have been demonstrated for waist-to-hip ratio, 
body mass index (72-74), thyroid hormone lev- 
els (75), and obsessive-compulsive disorder (76). 
Fully accounting for such sex differences in ge- 
netic architecture in association mapping (77), 
and integrating this information with sex biases 
in gene expression, may reveal additional mech- 
anisms underlying phenotypic sex differences. 

Our finding of sex-biased TFs underlying 
lineage-specific changes in sex bias provides 
molecular insight into mechanisms underlying 
the evolution of sex-biased gene expression in 


nonreproductive mammalian tissues. We fo- 
cused on regulatory changes in promoter regions 
because of the lack of tissue-specific enhancer 
annotations in cyno, rat, or dog. However, single- 
gene studies in Drosophila indicate that sex- 
biased gene expression can evolve through more 
complex changes in cis-regulatory elements at 
larger genomic distances from their target gene 
(31). Studying gains and losses of TF binding 
motifs in promoters, although an important first 
step, is a simplifying approach. It is thus neces- 
sary to catalog both tissue and species specific- 
ity of mammalian enhancers to enable detailed 
analyses of the cis-regulatory changes driving 
gains or losses of sex-biased gene expression 
during mammalian evolution. Most of the sex- 
biased TFs we identified as contributing to 
lineage-specific evolution of sex bias are auto- 
somal, indicating that their sex biases could arise 
as a result of trans-regulatory effects of sex chro- 
mosomes or sex hormones. Distinguishing be- 
tween these two possibilities is an important 
future direction for research. 


Materials and methods summary 


Human (GTEx) samples were filtered on the basis 
of cause of death, medical history, and notes from 
GTEx pathologists (35), and additional detailed 
evaluations were conducted on samples with 
available histology. Samples from cynomolgus 
macaque, mouse, rat, and dog were collected 
within 1 hour of euthanizing healthy animals, 
and only tissues from nonestrous females were 
used. RNA extraction, library preparation, and 
RNA-seq of nonhuman mammals were performed 
in batches randomized with respect to tissue, 
species, and sex. Analyzing the combined human 
and nonhuman dataset, we used a linear mixed 
model (78) to identify genes showing consistent 
sex bias across species in each tissue, and we 
used mashr to identify lineage-specific changes 
in sex bias. These analyses were repeated with 
permuted male/female sample labels to empir- 
ically estimate FDRs. Magnitudes of sex bias were 
assessed in independent datasets by reanalyzing 
raw data, where available. For lineage-specific sex 
biases in each tissue, motif analysis (79, 80) was 
used to identify TF binding sites enriched in the 
set of sex-biased orthologs relative to the unbiased 
orthologs. Height-increasing or -decreasing effects 
of gene-tissue pairs were determined by combining 
publicly available TWAS predictive models (54) 
based on eQTL information from GTEx with 
height GWAS summary statistics from the UK 
Biobank (56), GIANT consortium (57), and a meta- 
analysis of the two studies (48). 
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ALZHEIMER’S DISEASE 


Amyloid 6 oligomers constrict human 
capillaries in Alzheimer’s disease 
via signaling to pericytes 
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INTRODUCTION: In Alzheimer’s disease (AD), 
the production of amyloid 8 (AB) oligomers 
and downstream tau dysfunction are thought 
to cause neuronal damage, in particular a loss 
of synapses and synaptic plasticity, which re- 
sults in cognitive impairment. However, epi- 
demiological data show that vascular factors 
are important contributors to AD risk, and 
biomarker research has shown that the first 
change in AD is a decrease of cerebral blood 
flow. Because most of the vascular resistance 
within the brain is located in capillaries, this 
could reflect a dysfunction of contractile peri- 
cytes on capillary walls. Indeed, pericytes are 
known to regulate cerebral blood flow phys- 
iologically and to severely restrict blood flow 
after stroke. 


RATIONALE: We examined the role of peri- 
cytes in Alzheimer’s disease by examining cere- 


Alzheimer’s disease 
and healthy human 


& rodent brain tissue capillaries 


Clinical relevance 


Mechanisms 


Live-tissue imaging 
and histology of brain 


in vivo 


Brain slices 


bral capillaries in humans and mice developing 
AD, and by applying AB to capillaries. We used 
freshly fixed brain biopsies from cognitively 
impaired living humans who were depositing 
AB plaques, and also carried out in vivo imag- 
ing in a knock-in mouse model of AD. We mea- 
sured capillary diameters at positions near 
pericytes in order to assess whether the capil- 
laries became constricted in AD, because this 
would lead to a decrease of cerebral blood flow 
and hence a decrease of the glucose and oxy- 
gen supply to the brain tissue. In addition, to 
investigate one mediator already thought to 
be important in AD, we applied AB to human 
brain slices made from normal tissue that was 
removed from patients undergoing neurosur- 
gical glioma resection, as well as to rodent 
brain slices. AB was applied in the oligomeric 
form, which is thought to contribute to cog- 
nitive decline. This allowed us to examine 


A reduces cerebral blood 
flow via pericyte-mediated 
capillary constriction 


hap 
v 

AROS 
v 


AEndothelin-1 


¥ Brain blood flow 


Live human and rodent brain capillaries become constricted in Alzheimer’s disease. 
Tissue from humans and rodents (left) that were healthy or developing Alzheimer's disease 
(AD) was imaged in vivo and as brain slices (center), revealing that pericytes constrict brain 
capillaries early in AD via a mechanism involving ROS generation and release of endothelin-1, 


which activates ET, receptors (right). 
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whether AB itself might alter cerebral blood 
flow, and to use pharmacology to investigate 
the mechanism of any such effect. 


RESULTS: Both in humans developing AD 
and in the mouse model of AD, capillaries were 
constricted specifically at pericyte locations, 
but arterioles and venules were unchanged 
in diameter. Thus, the reduction of cerebral 
blood flow known to occur in AD is produced 
by capillaries rather than by arterioles. The 
capillary constriction increased rapidly with 

the severity of AB depo- 
sition, and we calculated 
Read the full article that in the human cortex 
at http://dx.doi. this constriction would 
org/10.1126/ have the effect of reduc- 
science.aav9518 ing cerebral blood flow 
se iratlatentarna Ma ialatnde iy approxinistely half: 
this is comparable to the decrease of blood 
flow measured experimentally in affected 
parts of the AD brain. In the AD mouse 
cerebellum, which lacks Af deposition at 
the age examined, there was no capillary 
constriction, supporting the idea of a causal 
link between Af level and constriction of 
capillaries. AB itself was found to constrict 
both human and rodent capillaries through a 
mechanism involving the generation of reac- 
tive oxygen species (ROS), mainly by NOX4 
(reduced nicotinamide adenine dinucleotide 
phosphate oxidase 4). The ROS then triggered 
the release of endothelin-1, which acted on 
ET, receptors to evoke pericyte contraction, 
thus causing capillary constriction. The AB- 
evoked constriction could be halted by block- 
ing NOX4 and ET, receptors, and was reversed 
by applying the vasodilator C-type natriuretic 
peptide. 


CONCLUSION: These data reconcile genetic 
evidence for a role of Af in triggering neuronal 
damage and cognitive decline in AD with the 
fact that a decrease of cerebral blood flow is 
the first clinically detectable change in AD. 
They imply that attention should be given to 
vascular mechanisms in AD as well as to sig- 
naling pathways that act directly on neurons 
or glia, and suggest novel therapeutic ap- 
proaches for treating early AD by targeting 
drugs to brain pericytes. Our findings also 
raise the question of what fraction of the 
damage to synapses and neurons in AD re- 
flects direct actions of AB and downstream 
tau, and what fraction is a consequence of 
the decrease of energy supply that AB pro- 
duces by constricting capillaries. 
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via signaling to pericytes 
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Lila Khennouf’, Christian Madry't, Hui Gong’, Angela Richard-Loendt’, 

Wenhui Huang’, Takashi Saito®, Takaomi C. Saido®, Sebastian Brandner®”, 


Huma Sethi®, David Attwell’§ 


Cerebral blood flow is reduced early in the onset of Alzheimer’s disease (AD). Because most of 
the vascular resistance within the brain is in capillaries, this could reflect dysfunction of 
contractile pericytes on capillary walls. We used live and rapidly fixed biopsied human tissue to 
establish disease relevance, and rodent experiments to define mechanism. We found that in 
humans with cognitive decline, amyloid B (AB) constricts brain capillaries at pericyte locations. 
This was caused by Af generating reactive oxygen species, which evoked the release of 
endothelin-1 (ET) that activated pericyte ET, receptors. Capillary, but not arteriole, constriction 
also occurred in vivo in a mouse model of AD. Thus, inhibiting the capillary constriction caused 
by Af could potentially reduce energy lack and neurodegeneration in AD. 


ascular compromise occurs early in Alz- 

heimer’s disease (AD) (J, 2). Cerebral blood 

flow in the gray matter can be reduced by 

more than 40% (3); indeed, reduced cereb- 

ral blood flow is the earliest biomarker of 
the development of the disease (7). Around the 
time that the amyloid hypothesis for AD was 
proposed (4-6), it was reported that capillaries 
in the brains of AD patients showed an abnor- 
mal, focally constricted morphology (7). Although 
much succeeding work focused on amyloid B 
(AB)- and tau-evoked damage to neurons, in- 
creasing evidence suggests a role for vascular 
disturbance in the onset of AD (8, 9). Exogenous 
AB can reduce cerebral blood flow (J0-12), and 
reduced blood flow increases Af production 
(13, 14). 
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Investigations of the vascular effects of exog- 
enous Af have focused on arteries and arterioles 
(12, 15), but the majority of the vascular resist- 
ance within the brain is located in capillaries 
(16). Capillary dysfunction correlates with cogni- 
tive decline in AD (17). This suggests that capil- 
laries could be the most important locus where 
Af produced within the brain can act to decrease 
cerebral blood flow. A subset of pericytes on 
capillary walls is contractile [these are the only 
contractile cells on capillaries (J8)] and can alter 
cerebral blood flow by adjusting their contractile 
tone (18-20). In a rodent model of AD, there are 
disturbances of unknown origin in the control 
of capillary blood flow (21). We therefore inves- 
tigated how pericytes were affected by exogenous 
and endogenously generated AB, and in particu- 
lar by AB,-42 oligomers, the molecular species 
believed to be responsible for Af’s toxic effects in 
AD (22, 23). To maximize the relevance to human 
disease, we used living human brain slices de- 
rived from neurosurgically resected brain tissue 
to study acute responses to AB, and rapidly fixed 
human brain biopsy tissue (from living patients 
with or without AB deposition) to assess pericyte 
responses to long-term accumulation of endoge- 
nous Af in AD. The effects seen in human tissue 
were also seen in vivo in a transgenic mouse 
model of AD and were analyzed mechanistically 
in brain slices. 


Amyloid f constricts human capillaries 
at pericytes 

Living human brain cortex slices were obtained 
from tissue removed during neurosurgical opera- 
tions to access tumors (see materials and methods) 


19 July 2019 


and either fixed for immunohistochemistry 
or imaged live to study pericyte properties. La- 
beling the basement membrane with fluores- 
cently tagged isolectin B, (IB,), or immunolabeling 
for the pericyte marker PDGFR6 (platelet-derived 
growth factor receptor 8), revealed pericyte mor- 
phology. Pericytes were observed with a classical 
“bump-on-a-log” morphology on the straight 
parts of capillaries, or at their branch points, 
with processes extending along and around the 
capillaries (Fig. 1, A and B). With experience, 
morphology alone was sufficient to identify peri- 
cytes reliably in brain slices (fig. $1). The mean 
distance between human pericytes was 65.3 + 
0.4 um (for 94 pericytes imaged in tissue from 
two patients), 30% larger than in rodents (9). 
As for arteriole smooth muscle cells (Fig. 1C), 
the processes of 36% of pericytes could be labeled 
for a smooth-muscle actin (Fig. 1D) [the real per- 
centage may be higher with different fixation 
techniques (24)], providing a mechanistic basis 
for the AB-evoked contraction (see below). In 
human brain slices, as previously reported for 
rodent capillaries (18, 19), superfused noradrenaline 
constricted and glutamate dilated the capilla- 
ries at pericyte locations (Fig. 1, E and F). This 
is consistent with the circumferential processes 
of pericytes (which are oriented to be able to re- 
duce capillary diameter) being preferentially 
found near pericyte somata (fig. S2), so that cap- 
illary constriction by pericytes occurs predomi- 
nantly near these somata (fig. S3). Thus, the 
surgery-derived human tissue had functioning 
contractile pericytes (Fig. 1, E and F). 

A§ was oligomerized (see materials and meth- 
ods), and silver staining of SDS-polyacrylamide 
gel electrophoresis (PAGE) gels was used to as- 
sess the degree of aggregation of the AB isoforms. 
The predominant species produced (other than 
monomers) for ABy_4. and AB,-49 had a molec- 
ular weight 2 to 4 times that of monomers, 
whereas scrambled A8;_49 formed mainly mono- 
mers (Fig. 1G). Applying soluble AB,-42 (oligo- 
meric + monomeric, 72 nM calculated from the 
monomeric molecular weight) to human brain 
slices evoked a slowly developing constriction of 
all four capillaries tested, which reduced their 
diameter by ~25% after 40 min (Fig. 1H, sig- 
nificantly reduced, P = 0.01). 

Because the limited availability of live human 
tissue precluded detailed analysis of the mecha- 
nism underlying the AB-evoked constriction, we 
carried out experiments on rat cortical slices. As 
for human capillaries, AB;4. evoked a constric- 
tion of rat capillaries near pericyte locations that 
was visible using either bright-field illumina- 
tion or two-photon fluorescence imaging of IB. 
(Fig. 2, A, B, C, and G). Of 20 capillaries tested, 
16 (80%) showed a >5% constriction in response 
to AB,-42. The time course of the mean AB,_49- 
evoked constriction (including all vessels) was 
similar (Fig. 2C) to that in human cortex (Fig. 1H), 
reaching ~15% after 1 hour (P = 0.006). ABy_49 
also evoked a similar constriction (Fig. 2, C and 
G; P = 0.048) in five of six capillaries tested 
(83%). Capillaries monitored for an hour without 
applying AB, or those to which a version of AB,_49 
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Fig. 1. Oligomeric Af acts on pericytes to constrict capillaries 

in human brain slices. (A) |B,-labeled capillary in a human cortical 
slice, with two pericyte somata (white arrowheads) outlined by their 
basement membrane. Nuclei are stained with DAPI (blue). (B) Pericyte 
labeled with antibody to PDGFRB. (C and D) Arteriole (C) and pericyte 
(D) labeled with IB, and antibody to a smooth muscle actin (a-SMA, 
localized in processes originating from the pericyte soma). (E) Images of 
a capillary (red lines between yellow arrowheads indicate diameter) and 
pericyte soma (white arrowheads) in a live human brain slice before drug 
application, in the presence of 2 uM superfused noradrenaline (+NA), 
with 2 uM NA and 500 uM glutamate superfused (+NA +Glu), and after 
stopping drug superfusion (washout). Graph shows time course of 


capillary diameter at red line throughout the experiment. (F) Mean (+ SEM) 
glutamate-evoked dilation and noradrenaline-evoked constriction in 
experiments as in (E) (numbers of pericytes on bars; change in diameter 
was quantified relative to that before application of each drug; relative to the 
pre-noradrenaline diameter, the glutamate-evoked dilation was 26.8 + 7.7%). 
(G) Silver staining of an SDS-PAGE gel for AB solutions prepared as in materials 
and methods. (H) Images of a human capillary before and after superfusion 
of 72 nM Ai_-42, showing a region (red line) being constricted by a pericyte 
(arrowheads). Graph shows mean (SEM) diameter change at four pericyte 
locations from four slices treated with AB and three pericyte locations 

from three slices superfused with aCSF lacking AB (significantly reduced 

at 40 min in AB, P = 0.01). 


with a scrambled sequence was applied (prepared 
as for the AB oligomers), showed no significant 
diameter change (Fig. 2, C and G). Scrambled ABy19 
mainly formed monomers (Fig. 1G; see also mate- 
rials and methods), unlike ABj-49 and AB-40, 
which may indicate that oligomer formation is 
obligatory for an effect on pericytes. The pericyte- 
mediated constriction evoked by AB,_42 showed 
a Michaelis-Menten dependence on AB concen- 
tration, with an apparent EC;, (the concentration 
for a half-maximal response, equal to the Michaelis 
constant K,, obtained by fitting a Michaelis- 
Menten relation to the data) of 4.7 nM (Fig. 2D). 


Reactive oxygen species and endothelin-1 
generate the capillary constriction 


We blocked Af_49-evoked capillary constriction 
in rat cortical slices by means of the endothelin-1 
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(ET) type A receptor blocker BQ-123 (1 uM, P = 
0.008; Fig. 2, E and G); by application of super- 
oxide dismutase 1 (SODI, 150 units/ml; P = 3.7 x 
10°; Fig. 2, E and G), which scavenges reactive 
superoxide generated when AB activates reduced 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (and prevents hydroxyl radical 
formation by the Fenton reaction); or by inhib- 
iting NADPH oxidase with diphenyleneiodonium 
(DPI, 10 uM, P = 0.032; Fig. 2, F and G). In 
contrast, applying these agents alone did not 
affect capillary diameter (changes after 1 hour: 
BQ-123, -0.7 + 5.2%, n = 13, P = 0.9; SOD], 3.4. + 
5.8%, n = 9, P = 0.57; DPI, -7.4 + 3.2%, n = 5, P= 
0.082). The AB;-40-evoked capillary constriction 
was also abolished by BQ-123 (a 6.2 + 1.6% dila- 
tion was seen after 1 hour of AB,_49 applied in BQ- 
123, n = 5), contradicting the suggestion (25) that 
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ABi-40 does not evoke ET release. These results 
suggest the involvement of NADPH oxidase- 
mediated reactive oxygen species (ROS) gener- 
ation and ET release in the AB-evoked capillary 
constriction. Reactive nitrogen species derived 
from superoxide were not involved, because in- 
hibiting nitric oxide synthase (NOS) with 100 uM 
N, -nitro-L-arginine (L-NNA) had no effect (P = 
0.83) on the AB-evoked constriction (Fig. 2, F and 
G); L-NNA alone had no effect (after 1 hour, the 
diameter change was -0.5 + 7.9%, n = 6, P = 0.99). 
The fact that AB evoked constrictions even in the 
presence of L-NNA also rules out the possibility 
that AB-evoked ROS production caused constric- 
tion (26) by ROS binding to, and removing, 
vasodilatory NO. The NOX4 (NADPH oxidase 4) 
blocker GKT137831 (0.45 uM) abolished the 
Af-evoked capillary constriction (Fig. 2, F and G; 
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Fig. 2. AB acts via ROS and ET, receptors. (A and B) Bright-field 

images (A) and two-photon-evoked IB, fluorescence (B) of capillaries in 

rat cortical slices in aCSF and after applying 72 nM AB,_42, showing 
constriction (yellow arrowheads and red lines) near pericytes (white arrow- 
heads, compare with figs. S2 and S3). (©) Mean (+ SEM) time course of 
capillary diameter during superfusion with aCSF (n = 51 vessels), 109 nM 
scrambled AB,_42 (n = 32), 72 NM AB,_42 (n = 20), or 100 nM ABy_a9 (rn = 6). 
D) Constriction evoked after 1 hour by different concentrations of AB;-42 
OnM,n=51;2.9nM,n=11;14nM,n=10; 57nM,n=19; 72 nM, n= 20). Curve 
is a Michaelis-Menten relation with a K,, of 4.7 nM and a maximum of 16.1%. 
E to J) Time course of diameter when applying the following agents 
experiments in each panel were interleaved; blockers were present for 5 to 
15 min before AB). (E) 57 nM AB;_42 alone (n = 19) or in the presence of 
SOD1 (150 units/ml, n = 19) or the ET, blocker BQ-123 (1 uM, n = 14). 

F) 72 nM Afj-42 alone (n = 7) or in the presence of the NOS blocker 

L-NNA (100 uM, n = 6), the NADPH oxidase blocker DPI (10 uM, n = 5), or the 
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NOX4 blocker GKT137831 (0.45 uM, n = 7). (G) Constriction produced at 

60 min for (C) to (F). (H) Effect of aCSF (n = 10), ET alone (10 nM, n = 10), 
or ET in the presence of the ET, blocker BQ-123 (1 uM, n = 10) or the ETg 
blocker BQ-788 (1uM,n = 12). (1) aCSF or ET (5 nM) in the absence (n = 12) or 
presence of SOD1 (150 units/ml, n = 8). (J) aCSF or the ROS generator 
H2O>2 (1 mM, n = 9, which evokes constriction: P = 1.1 x 107° at 20 min) or 
H20> with the ET, blocker BQ-123 (1 uM, n = 11, constriction is reduced, 

P =(0.009). (K) Two-photon image of mouse cortical pericyte expressing 
GCaMP5G (green), before and while applying ET (10 nM), which raises [Ca?*], 
(increase in green intensity) in pericyte soma (arrowhead; dashed line shows 
ROI analyzed) and processes, and constricts the capillary (see white line 

on image of the tdTomato reporter of GCaMP5G expression, red). (L) Mean 
[Ca?*]; time course in eight pericyte somata in response to ET (significantly 
elevated, P = 0.0014) and in seven somata in aCSF (no significant change, 
P = 0.74). (M) Incubating rat brain slices (numbers on bars) with ABi-a2 
oligomers (1.4 uM) or ET (100 nM) for 3 hours does not increase pericyte death. 
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Fig. 3. AB evokes ROS generation in pericytes. (A) Fluorescence images of dihydroethidium 
(DHE)-loaded rat cortical slices incubated in control aCSF or aCSF containing ABy-42 (72 nM) 

or ABy-42 + SOD1 (150 units/ml) for 40 min, showing that AB increases ROS level and that this is 
inhibited by SOD1. (B) Fluorescence (normalized to value in aCSF, mean + SEM) of slices incubated 
in aCSF (n = 6), ABi-42 (n = 7), or ABi-42 + SODI (n = 6). (C) Left: Image of a cortical slice showing 
that the brightest DHE-labeled cells are located on IB,-labeled blood vessels (arrowhead). Right: 
Immunolabeling shows that these cells colocalize with NG2 but not with Ibal, implying that they 
are pericytes rather than microglia or perivascular macrophages. (D) Soma DHE fluorescence 
[arbitrary units (a.u.), mean + SEM] from the population of pericytes, or of Ibal-labeled cells, after 
4O min in the absence or presence of AB;-42. Numbers on bars are slices (fluorescence was averaged 


across three image stacks for each slice). 


P = 0.0011) but did not affect diameter when 
applied alone (changed by 5.7 + 5.6%, n = 6, P = 
0.35 after 1 hour), whereas the NOX2 blocker 
ebselen (2 1M) reduced the constriction by only 
45% (n = 8, P = 0.027); on its own, ebselen had no 
effect (diameter changed by 1.4% + 3.8%, n = 9, 
P = 0.8 after 1 hour). These data suggest that 
NOX4 in pericytes or endothelial cells (27-29), 
rather than NOX2 in immune cells (28, 29), is the 
NADPH oxidase mainly responsible for generat- 
ing the ROS that evoke capillary constriction. 
Data presented in Fig. 3 suggest that the NOX4 
producing the ROS is in pericytes. 

To confirm that pericytes constrict in response 
to activation of ET receptors, we applied ET 
(10 nM) either alone or with a blocker of its type 
A (ET,) or type B (ET) receptors. Endothelin-1 
evoked a strong (>65%) pericyte-mediated con- 
striction of capillaries (P = 2 x 10°”), which was 
blocked by the ET, blocker BQ-123 (1 uM, P = 
2.6 x 10°”) but not by the ET, blocker BQ-788 
(1 uM, P = 0.91; Fig. 2H). ET still evoked a 
constriction in the presence of SOD1 (P = 1.3 x 
10°°; Fig. 21), implying that ET acts downstream 
of ROS. Use of HO, (1 mM) to generate ROS 
evoked a constriction (P = 1.1 x 10°) that was 
reduced by BQ-123 (P = 0.009; Fig. 2J), which 
suggests that ROS evoke constriction via ET, 
receptor activation. Consistent with the idea that 
ET, receptors that generate pericyte contraction 
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are on the pericytes themselves, we found that 
in pericytes expressing GCaMP5G (see materials 
and methods), applying ET (10 nM) evoked a rise 
in intracellular calcium concentration [Ca?*],, 
whereas artificial cerebrospinal fluid (aCSF) had 
no effect (Fig. 2, K and L). These data establish 
AB,-49-evoked generation of ROS as being up- 
stream of the elevated level (30, 31) [or po- 
tentiated effect (32)] of ET that makes pericytes 
constrict capillaries. 

In profound ischemia, pericyte-evoked con- 
striction of capillaries is followed by the pericytes 
dying necrotically in rigor (caused by an exces- 
sive rise of [Ca?*];), thus maintaining a decreased 
capillary diameter and a long-lasting decrease of 
blood flow (19). Pericytes also die after accumu- 
lating AB in AD (33). We assessed whether expo- 
sure to 1.4 uM soluble ABy_49 or 100 nM ET for 
3 hours had a similar effect on pericyte health by 
applying propidium iodide to label cells with 
membranes that had become nonspecifically per- 
meable, as occurs in ischemia (19). These treat- 
ments did not significantly increase pericyte death 
on this time scale (Fig. 2M; P = 0.85 for ABy_49, 
P = 0.59 for ET). 

To assess which cell types generated ROS in 
response to AB, in brain slices we used imaging 
of the ROS sensor dihydroethidium, which gen- 
erates fluorescence when oxidized dihydroethi- 
dium intercalates into DNA (see materials and 
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methods). A®y_49 (72 nM, applied for 40 min) 
evoked an increase in ROS level that was sup- 
pressed by the presence of SOD1 (Fig. 3, A and 
B). Previous work has suggested that ROS can 
be generated in response to AB by resident 
microglia (34) or perivascular macrophages (35), 
but the cells showing the brightest oxidized di- 
hydroethidium fluorescence were located on 
capillaries, had the morphology of pericytes, and 
could be labeled for the proteoglycan NG2 (found 
on pericytes) but not for the immune cell marker 
Ibal (ionized calcium-binding adaptor molecule 1) 
(Fig. 3C), implying that they are pericytes. The 
ROS signal generated in regions of interest placed 
over the nuclei of NG2-expressing cells on capil- 
laries (pericytes), or of Ibal-labeled immune cells, 
was quantified in six image stacks (one stack per 
slice) from slices not exposed to AB (containing 
a total of 128 pericytes and 238 Ibal-labeled cells) 
and eight stacks from slices exposed to AB (con- 
taining 171 pericytes and 270 Ibal-labeled cells). 
AB increased ROS production in pericytes by a 
factor of 7.28 (P = 0.001) and in immune (Iba1- 
expressing) cells by a factor of 1.76 (P = 0.05). 
Taking into account the different numbers and 
basal ROS production of pericytes and immune 
cells revealed that AB evoked more total ROS 
generation by pericytes than by immune cells by 
a factor of 6.4 (Fig. 3D). This is consistent with 
the data above (Fig. 2, F and G) and suggests that 
NOX4 in pericytes (27-29) is the main generator 
of the ROS involved in constricting capillaries 
early in the response to AB. 

To confirm that both pericytes and microglia 
generate ROS in response to Af, in brain slices 
we fluorescently imaged the level of reduced glu- 
tathione (GSH; see materials and methods), which 
is consumed as it scavenges ROS. AB (72 nM for 
40 min) reduced the GSH level in pericytes by 
20% and in microglia by 55% (fig. S4; P = 0.014 
and P = 2 x 10-”°, respectively). These changes 
cannot be converted to ROS synthesis rates be- 
cause they will be affected by GSH regenera- 
tion rate, which may differ in microglia and in 
pericytes. 


Pericytes constrict capillaries in 

human cognitive decline patients with 
AB deposition 

Because acute exposure to AB cannot mimic the 
slow increase that occurs over decades in human 
AD patients, we studied rapidly fixed brain corti- 
cal biopsy tissue from living patients being inves- 
tigated for cognitive decline of unknown cause 
(see materials and methods for demographics, 
biopsy, and tissue-processing details). Tissue sec- 
tions were labeled with antibodies recognizing 
residues 8 to 17 of AB and PDGFR® (Fig. 4, A and 
B, bottom and top, respectively). Of 13 patients, 
7 turned out to have AB deposition and 6 did 
not. Pericytes were readily identifiable from their 
PDGFRf§ labeling. Averaging over 120 to 140 ad- 
jacent fields of view (400 um square in size, ran- 
domly placed on each section as a 5 x 4 grid of 
squares) in tissue from the two types of patient, 
with the experimenter blinded to the occurrence 
of AB deposition (viewing only the PDGFRB image 
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Fig. 4. Pericyte-mediated capillary constriction occurs in humans with Af deposits. (A and 

B) Specimen images of human cortical biopsies, labeled for PDGFRB (brown in top panels) to show 
pericytes (arrows), from patients lacking (A) or exhibiting (B) AB deposits (brown in bottom panels, 
hematoxylin counterstain in blue). Red lines indicate capillary diameter. (©) Mean (+ SEM) diameter of 
capillaries in patients lacking (3921 diameters measured) or exhibiting (5121 diameters measured) AB 
deposits (numbers of images analyzed shown on bars). (D) Dependence of capillary diameter on distance 
from a visible pericyte soma (in 5-um bins from O to 20 um, plotted at the mean distance for each bin) 
for patients lacking or exhibiting AB deposits (moderate and severe Af deposition pooled together). 

P values assess whether slope of regression line is significantly different from zero. (E) Examples of AB 
labeling assessed by the neuropathologist as absent, moderate, or severe. (F) Slope of regression 

lines as in (D) plotted as a function of neuropathologist-rated parenchymal AB load for each biopsy 

(n = 6 biopsies for none, n = 3 for moderate, n = 4 for severe). P value compares slope of line with zero. 
(G) Slope of regression lines as in (D) plotted as a function of severity of AB deposition measured optically 
for each biopsy, with subjects grouped by color [defined in (F)] as classified by the neuropathologist. 

(H) Dependence of extrapolated diameter at soma [as in (D)] on severity of AB deposition measured 
optically for each biopsy, with subject points colored as classified by the neuropathologist [defined 
in (F)]. Lines through data in (F) to (H) show the trends in the data. 


channel), we found no significant change in cap- 
illary density (12% larger in subjects depositing 
AB, P = 0.56; see materials and methods). How- 
ever, the mean capillary diameter was reduced 
by 8.1% (P = 0.0007) in the patients with AB de- 
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position (5121 diameters measured) relative to 
those without AB deposition (3921 diameters mea- 
sured; Fig. 4C). 

To assess whether this diameter reduction 
was a nonspecific effect of AD, or was pericyte- 
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related, we plotted the capillary diameter mea- 
surements as a function of the distance from the 
nearest PDGFRB-labeled pericyte soma (see mate- 
rials and methods). In patients with no detectable 
AB deposition, the capillary diameter increased 
at locations near pericyte somata relative to 
locations far from the somata (~25% larger, 
slope of line is significantly less than zero, P = 
3.7 x 107 for 813 data points from six such 
patients; Fig. 4D). A similar increase in capil- 
lary diameter near somata was previously found 
in rodent brain capillaries in vivo (19) and was 
attributed to the presence of the soma inducing 
more growth of the endothelial tube. In contrast, 
in patients with AB deposition, the capillary diam- 
eter was significantly reduced near the pericyte 
somata relative to locations distant from the 
somata (Fig. 4D; ~30% smaller, slope of line is 
significantly greater than zero, P = 1.6 x 107° 
for 1313 data points from seven patients), as 
expected if pericytes cause the capillary constric- 
tion by contracting their circumferential pro- 
cesses that are mainly located near their somata. 
The data shown in Fig. 4D are averaged over all 
measured pericytes and capillaries (and thus in- 
clude pericytes on higher-branch order vessels 
that may be less contractile). For a fixed blood 
pressure applied at the pial vessels, this average 
constriction is predicted to reduce flow by ~50% 
versus what it would be in the absence of con- 
striction (see materials and methods), which is 
similar to the 42% decrease observed in the gray 
matter in patients with AD (3). 

The pericyte soma-specific location of the con- 
striction (Fig. 4D) is consistent with the distri- 
bution of circumferential processes relative to 
pericyte somata (fig. S2) and the fact that exo- 
genous vasoconstrictors constrict capillaries spe- 
cifically at pericyte locations (fig. S3) (18). These 
data, and the fact that no other cells on capil- 
laries show contractile activity (18), imply that 
it is pericytes that constrict capillaries in human 
patients depositing AB. 


Pericyte constriction of human 
capillaries increases with Af load 


The subjects were classified by neuropathologists 
assessing the Af-labeled biopsies as having “no 
AB deposition,” “moderate AB deposition,” or 
“severe AB deposition” in the parenchyma (as 
diffuse deposits and/or as plaques with central 
amyloid cores; Fig. 4E). The mean slope for in- 
dividual patients, from graphs like those in Fig. 4D, 
for six patients with no AB deposition, three 
patients with moderate deposition, and four 
patients with severe deposition showed a pro- 
gressive change from negative (implying a larger 
capillary diameter at the soma) to positive (im- 
plying a smaller diameter at the soma) as the 
severity of the AB deposition increased (Fig. 4F; 
P = 0.003 compared with a relationship with 
zero slope). This further supports the idea that 
AB is the cause of the capillary constriction. 
To quantify AB levels more rigorously, we 
measured light absorption by the peroxidase 
product generated by the AB antibody, in the re- 
gion where the vessel diameters were measured 
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Fig. 5. Capillaries, but not arterioles or venules, are constricted in AD 
mice. (A) Specimen images (taken through the dura) of blood vessels 

in the somatosensory neocortex of wild-type (WT) and homozygous AD 
(APPN“SF) NG2-DsRed mice, with FITC-albumin (green) in the blood 
(pericytes are labeled red). (B) Examples of single neocortical capillaries 
and pericytes, showing a larger diameter at the pericyte soma in a WT mouse 
and constriction of a capillary at the pericyte soma in an AD mouse. 

(C) Images of neocortex labeled for nuclei (DAPI, blue) and for amyloid plaques 
(green, 82E1 antibody). (D) Mean (+ SEM) capillary diameter in neocortical 
layers | to IV in three WT mice (2131 diameters measured; measurements on 
same capillary were averaged) and four AD mice (1403 diameters measured). 
Numbers of capillaries are shown on bars. (E) Mean neocortical capillary 
diameter at pericyte somata in three WT and four AD mice (numbers of 


pericytes on bars). (F) Plot of neocortical capillary diameter as a function of 
distance from pericyte somata shows a smaller diameter at the soma in 

AD mice and a larger diameter in WT mice (compare with Fig. 4D; each WT 
mouse studied showed a negative slope for this relationship, and each AD 
mouse showed a positive slope). (G) Plots as in (F) but for the cerebellum, 
which lacks amyloid plaques, show no constriction near the pericyte somata in 
the AD mice (regression line is a fit to all data from three WT and three APP 
mice). (H) Mean diameter of neocortical penetrating arterioles and venules in 
WT and AD mice. Numbers of vessels are shown on bars. Diameters were 
assessed at depths that did not differ significantly: 158.4 + 6.7 um and 131.9 + 
5.0 um (P = 0.23, Mann-Whitney test) for neocortical capillaries, 142 + 26 um 
and 137 + 21 um (P = 0.88) for arterioles, and 85 + 15 um and 89 + 9 um 

(P = 0.81) for venules, in WT and AD mice, respectively. 


in each biopsy (see materials and methods; al- 
though this measure of AB may largely reflect the 
presence of plaques, it is likely that the soluble 
AB concentration correlates with plaque load). 
Plotting the slopes of graphs like those in Fig. 4D, 
for each biopsy, as a function of the amount of AB 
deposition again showed a monotonic progres- 
sion from a negative slope to a positive slope as 
AB deposition increased, but with the change of 
slope occurring more strongly at low levels of AB 
deposition (Fig. 4G). Similarly, plotting the value 
of the capillary diameter at the pericyte soma for 
each biopsy (extrapolated from a straight line 
fit as in Fig. 4D) as a function of AB deposition 
showed that the diameter was reduced strongly 
by low levels of AB, with smaller increments of 
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constriction as deposition increased (Fig. 4H). 
This presumably reflects the dose-response curve 
of Fig. 2D (although it could also reflect increased 
AB production when blood flow is less). 


Pericytes constrict capillaries in vivo 
in AD mice 


To confirm that pericytes constrict capillaries 
in vivo in AD (i.e., that the constriction seen in 
human biopsy tissue was not an artifact of fixing 
the tissue), and to provide a possible framework 
for future testing of drugs to prevent this con- 
striction, we used in vivo two-photon imaging 
of layers I to IV of the somatosensory cortex 
(Fig. 5, A and B) in a mouse model of AD, in 
which amyloid precursor protein (APP) with a 
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humanized Af region with three AD-related mu- 
tations (App’”*) is knocked in (see materials 
and methods). Comparing four homozygous AD 
mice and three wild-type mice [age range, post- 
natal day 119 (P119) to P143, when the AD mice 
already show plaques; Fig. 5C] revealed that, as in 
human subjects with and without AB deposition, 
in AD mice the mean capillary diameter was less 
(Fig. 5D, P = 1.7 x 10°°), and the diameter at 
pericyte somata was more strongly reduced (Fig. 
5E, P = 1.6 x 10°”). A plot of capillary diameter 
as a function of distance from pericyte somata 
showed a dilation at the soma in wild-type mice, 
but a constriction in the AD mice (Fig. 5F), rela- 
tive to the diameter midway between somata 
(compare with Fig. 4D). 
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To check whether capillary constriction was 
present throughout the brain of AD mice, or oc- 
curred only where AB levels rise, we imaged 
capillaries in vivo in the cerebellum—an area 
that is relatively spared of amyloid plaque path- 
ology in humans, and that had no plaques in our 
AD mice at P120 to P140 (fig. S5), suggesting 
lower levels of AB oligomers. In the cerebellum, 
both wild-type and AD mice (n = 3 each) showed 
a larger capillary diameter near pericyte somata 
(Fig. 5G; P = 0.002), with no evidence for a 
constriction in the AD mice. Thus, capillary con- 
striction is associated with AB production. 

Exogenous AB has been reported to constrict 
isolated penetrating arterioles (12) but, at the 
endogenous level of AB produced in the AD mice, 
arterioles (and venules) were not constricted 
(Fig. 5H). This may reflect a different response 
of pericytes and of arteriolar smooth muscle cells 
to the ET released by AB (fig. S6). The lack of 
arteriole constriction that we observed in the AD 
mice (Fig. 5H) suggests that capillary constric- 
tion is the cause of the decrease in cerebral blood 
flow that occurs in early AD (J). 


Hypoxia is increased in the AD cortex 


Our measured capillary constrictions are predicted 
to decrease cerebral blood flow significantly in 
AD (see above and materials and methods), as 
has been observed in human patients and AD 
mice (J, 17, 21). Consistent with this, hypoxic tis- 
sue labeling by pimonidazole (hypoxyprobe) was 
increased significantly in vivo in the AD mice 
(fig. S7). 


Reversal of Afp-evoked 
capillary constriction 


Prevention or reversal of AB-evoked capillary con- 
striction and tissue hypoxia could be a promising 
therapy in early AD. In brain slices, we inves- 
tigated two strategies to achieve this (fig. S8), 
assuming it were possible to target drugs spe- 
cifically to central nervous system (CNS) capil- 
laries. The first strategy involved combined block 
of the ROS generator NOX4 (with 0.45 uM 
GKT137831; Fig. 2F) and of the downstream 
constricting ET, receptor (with 1 uM BQ-123; 
Fig. 2E). This prevented further constriction 
evoked by AB (P = 0.027) but did not reverse the 
capillary diameter to its baseline value on a 
1-hour time scale (Fig. 6A). The second strategy 
used C-type natriuretic peptide (CNP), which can 
reverse ET-mediated effects (36) by blocking Ca?* 
release from internal stores and activating myo- 
sin light chain phosphatase (fig. S8). Remark- 
ably, CNP (100 nM) reversed the AB-evoked 
capillary constriction (P = 0.029; Fig. 6A). 


Discussion 


Genetic evidence strongly implicates AB in trig- 
gering neuronal damage and cognitive decline in 
Alzheimer’s disease, yet the first change in AD 
is a decrease of cerebral blood flow (7). Our data 
make five contributions to understanding the 
vascular effects of AB and their role in Alzheimer’s 
disease: (i) AB constricts human and rodent ca- 
pillaries by acting on pericytes; (ii) the mechanism 
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Fig. 6. AB effects on capillaries may amplify the onset of AD and are reversible. (A) Applying 
GKT137831 (0.45 uM) to block NOX4 and BQ-123 (1 nM) to block ET, receptors, or applying 
C-type natriuretic peptide (CNP, 100 nM; see fig. S8), significantly reduced the constriction evoked 
by AB (72 nM, P = 0.027 and 0.029, respectively, corrected for multiple comparisons; data are 
means + SEM). (B) Summary of our results and their implications. Our data reveal the pathway 
within the yellow dashed box. AB oligomers activate NOX4 in pericytes to generate ROS. These in 
turn release, or potentiate the constricting effects of, endothelin-1, which acts via ET, receptors on 
pericytes on capillaries—the locus (16) of the largest component of vascular resistance within the 
brain parenchyma. Capillary constriction decreases cerebral blood flow and hence the supply of 
oxygen and glucose to the brain. Green arrows at the left show that this increases the production 
of Ag, in part by up-regulating (13, 14) the expression of BACE1, thus forming an amplifying positive 
feedback loop. Blue arrows at the right show that a rise in AB concentration (directly, via downstream 
tau production, or via the decrease in oxygen and glucose supply) leads to the loss of synapses and 
neurons. Potential sites for therapeutic intervention are highlighted at the stages of ROS production 
by NOX4 (GKT), endothelin receptors (BQ-123), and CNP receptors (see also fig. S8). 


of this constriction involves ROS generation and 
ET release; (iii) in rapidly fixed biopsies from 
living human patients with AB deposition and 
cognitive decline, cortical capillaries are con- 
stricted by 30% at pericyte locations, which is 
sufficient to produce a major reduction of cere- 
bral blood flow; (iv) in vivo, in a rodent model of 
AD, capillaries are constricted by pericytes; and 
(v) it is in principle possible to reverse the AB- 
evoked capillary constriction. Together, these 
data imply that the reduction in cerebral blood 
flow that occurs early in AD results from AB- 
evoked pericyte-mediated constriction of the 
cerebral capillary bed (Fig. 6B). 

At low nanomolar concentrations, exogenous 
soluble AB;-42 oligomers evoke a constriction of 
human and rat cortical capillaries, which is med- 
iated by pericytes. Capillaries are the site in the 
cortical vasculature where most of the resistance 
to flow is located (16), and so may be the major 
site where AB produced within the brain can 
produce vessel diameter changes that reduce 
cerebral blood flow. In rodents, the capillary con- 
striction was the result of AB evoking the gene- 
ration in pericytes and microglia of ROS, which 
evoked a release of ET that acted via ET, re- 
ceptors to make pericytes constrict the capilla- 
ries. We assume that the ET, receptors involved 
are located on the pericytes themselves, because 
ET raised the [Ca?*], in pericytes, but we cannot 
rule out the possibility that they are on a dif- 
ferent cell type. The EC; for the action of AB,_49, 
4.7 nM, is comparable to the concentration of 
soluble AB found in the human AD brain [6 nM, 
from table 1 of (37); note that this brain con- 
centration is higher than the level found in the 
CSF, which falls during the development of AD 
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as plaques are formed]. Thus, wherever Af is 
produced, or can diffuse, in the AD brain, we 
would expect all contractile pericytes in that re- 
gion to constrict capillaries. Indeed, our live 
human biopsy and in vivo mouse imaging data 
show that the endogenous level of AB reached 
in AD is sufficient to constrict capillaries. How- 
ever, some aging humans accumulate AB and yet 
do not develop AD; future work could examine 
whether, in such people, compensation for the 
vasoconstricting effects of AB develops, such as 
an up-regulation of vasodilatory mechanisms. 

Throughout this work, pericytes were identi- 
fied by their morphology (spatially isolated cells 
located outside capillaries) as confirmed by IB, 
labeling, or by antibody labeling for their char- 
acteristic marker PDGFR§, or by expression of 
dsRed under the NG2 promoter. Although ar- 
terioles (recognized as being surrounded by rings 
of abutting smooth muscle cells) have also been 
reported to be constricted by exogenous AB (2), 
in AD mice we found no constriction of arteri- 
oles. This may be because, at the ET level reached 
during AD pathology, ET constricts capillaries 
but has opposing dilating and constricting ef- 
fects on arterioles, mediated by different types of 
ET receptor, which may approximately cancel 
out. Further work assessing the level of AB reached 
in the AD mice, and the relative affinity of the 
constricting ET, and dilating ET, receptors, will 
be needed to test this idea. 

Three results demonstrate that the effects 
of AB on pericytes that we have demonstrated 
are pathologically relevant in AD. First, analyzing 
the diameter of capillaries in biopsies from living 
human patients with cognitive decline, who 
either had or lacked AB deposition, showed that 
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Alzheimer’s pathology leads to capillary con- 
striction specifically at pericytes. Second, the 
magnitude of the capillary constriction in human 
dementia patients increased with the severity 
of AB deposition and is predicted to produce a 
decrease of cerebral blood flow (~50%) similar 
to the 42% seen in AD patients (3). Capillary 
constriction by pericytes may explain why some 
capillaries become occluded by neutrophils in 
AD (38), but neutrophil block of 2% of capilla- 
ries, as observed, was predicted to reduce blood 
flow by only 5% (38). Finally, in a mouse model 
of AD, in vivo imaging showed that cerebral ca- 
pillaries were constricted at pericyte locations, 
whereas arterioles and venules were unaffected. 

Both the reduction of basal blood flow pro- 
duced by AB and a reduction in the blood flow 
increase normally produced by neuronal activity 
(39), which may also reflect the constricting action 
of AB on pericytes, will decrease the energy supply 
to the brain. This in turn increases AB production 
by up-regulating B-amyloid-converting enzyme 
(BACEI, also called B-secretase 1) (13, 14). Conse- 
quently, the pericyte-mediated capillary con- 
striction evoked by AB may act as an amplifying 
mechanism in a positive feedback loop (Fig. 6B), 
increasing the levels of AB and downstream hy- 
perphosphorylated tau, which ultimately lead to 
the loss of synapses and neurons. 

These data suggest several potential therapeu- 
tic approaches for early AD, based on the mecha- 
nisms generating pericyte constriction. AB-evoked 
generation of ROS by NOX4 in pericytes might 
be targeted. Indeed, overexpression of SOD1 in 
APP-overexpressing mice abolishes the lethal 
effects of the APP overexpression (26, 40). Another 
approach might be to try to reduce ET release 
[presumably from brain cells expressing ET strong- 
ly, i-e., endothelial cells, microglia, or pericytes 
(28, 29)] or to block the effects of ET on its ET, 
receptors on CNS pericytes. In a proof-of-concept 
experiment, a combination of a NOX4 blocker 
and an ET, blocker prevented further AB-evoked 
constriction (and could conceivably reverse the 
existing constriction given sufficient time), whereas 
CNP, which acts via two separate pathways 
downstream of ET (fig. S8), was able to reverse 
the constriction in the maintained presence of 
AB. These therapeutic approaches could be tested 
by targeting drugs to CNS pericytes in the mouse 
model of AD, which also shows the pericyte- 
mediated constriction of capillaries. Finally, our 
scheme (Fig. 6B) prompts the question of what 
fraction of the damage to synapses and neurons 
in AD reflects direct actions of AB and down- 
stream tau, and what fraction is a consequence 
of the decrease of energy supply that AB pro- 
duces by constricting capillaries. 


Materials and methods 
Human brain slices 


The work on fresh living human brain tissue re- 
ceived ethical approval from the National Health 
Service (REC number 15/NW/0568) and all 
patients gave informed consent. During neu- 
rosurgical operations for tumor treatment, ap- 
parently normal cortical tissue that was removed 
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(to gain access to the tumor), which would 
otherwise have been discarded, was placed in ice- 
cold brain slicing solution containing 93 mM N- 
methyl-p-glucamine (NMDG) chloride, 2.5 mM KCl, 
30 mM NaHCOs, 10 mM MgCh, 1.2 mM NaH,PO,, 
25 mM glucose, 0.5 mM CaCly, 20 mM HEPES, 
5 mM Na ascorbate, 3 mM Na pyruvate, and 
1 mM kynurenic acid (to block glutamate re- 
ceptors, so as to prevent excitotoxic damage to 
neurons during the slicing; the experimental 
solution lacked kynurenic acid, as described 
below). This solution was oxygenated by gassing 
with 95% O./5% CO, and transported in less 
than 15 min to the laboratory. Tissue was cut into 
200-um sections and the slices were incubated at 
34°C in the same solution for 10 min, and then 
incubated at room temperature until used in ex- 
periments in a similar solution (47) with the 
NMDG-Cl, MgClo, and CaCl, replaced by 92 mM 
NaCl, 1 mM MgCl, and 2 mM CaCl,. Each 
patient’s tissue typically generated ~2 brain slices. 
When sufficient tissue was present, histological 
examination of the slices using hematoxylin and 
eosin by neuropathologists was used to assess 
tumor infiltration into the nominally normal tis- 
sue. This revealed that some slices showed no 
infiltration by the tumor, whereas others did. AB 
was applied only to slices that showed no tumor 
infiltration. Pericyte responses to noradrenaline 
and glutamate as documented in Fig. 1 were ob- 
served whether or not there was tumor infiltration. 


Rodent brain slices 


Experiments used P21 Sprague-Dawley rats or 
transgenic mice (as described below) of either 
sex. All animal procedures were carried out in 
accordance with EU and UK regulations. Cere- 
bral cortical slices (00 um thick) were prepared 
(18) and stored as for human slices. 


Extracellular solution 


Human and rodent brain slices were superfused 
at 3 to 4 ml/min with aCSF solution containing 
124 mM NaCl, 2.5 mM KCl, 26 mM NaHCOs, 
1mM MgClo, 1 mM NaH»2PO,, 10 mM glucose, 
2 mM CaCly, and 1 mM Na-ascorbate. This solu- 
tion was gassed with 20% O2/’75% N»/5% COs, 
which produces a physiological level of oxygen 
in the slice near the capillaries being imaged (19). 
Mechanism-blocking drugs were superfused for 
5 to 15 min before applying Af or ET. 


Imaging capillaries in brain slices 


Healthy capillaries [<10 um in diameter, mean 
diameter 5.61 + 0.03 um (7 = 299) in rat and 
5.08 + 0.33 um (7 = 12) in human, with no rings 
of arteriolar smooth muscle around them] were 
selected as described (47) and regions of them 
were imaged, which were in focus in a single 
image plane over at least 30 um along the length 
of a capillary and which exhibited a candidate 
pericyte with a bump-on-a-log morphology (Figs. 
1E and 2A). A CCD camera was used to capture 
images 100 um square during superfusion of 
drugs. An analyst blinded to the time and identity 
of drug application measured capillary diameter 
from the resulting movies by placing a line across 
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the lumen on magnified images using Metamorph 
software. In some experiments, pericytes were 
identified prior to imaging by incubating slices for 
30 min in IB, (10 ug/ml) conjugated to Alexa 488 
or 568 (ThermoFisher I21411 or 121412), which 
binds to o-p-galactose residues in the basement 
membrane generated by pericytes and endothe- 
lial cells, and outlines pericytes (47). This also 
allowed two-photon imaging (using a Zeiss LSM710 
microscope, excitation wavelength 800 nm) of the 
endothelial tube and the pericytes on it (Fig. 2B). 


Oligomerizing AB and assessing the form 
and concentration of AB applied 


The method used to generate oligomeric AB pre- 
parations was modified from that previously de- 
scribed (42). Synthetic AB,_4. (Bachem H-1368. 
1000), A849 (Bachem H-1194.1000), and scram- 
bled ABi-42 (Bachem H-7406.1000) were sus- 
pended in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; 
52527, Sigma) at 1 mM, vortexed to obtain a 
homogeneous solution, and aliquoted to micro- 
centrifuge tubes. The HFIP was removed by 
overnight evaporation and the AB was comple- 
tely lyophilized via a Speed-Vac. The AB peptide 
films were stored desiccated at -80°C until 
further processed (within 2 weeks). The pep- 
tide films were then resuspended at a nominal 
5 mM in DMSO, bath-sonicated for 10 min, and 
vortexed for 30 s. To form Af oligomers, this 
solution was diluted to a nominal 100 uM with 
phosphate-buffered saline (PBS), vortexed for 15 
to 30 s, and incubated at 4°C for 24 hours. Im- 
mediately before use, the oligomeric prepara- 
tions were centrifuged at 14,000g for 10 min at 
4°C (to remove any fibrils that might be pre- 
sent) and the supernatants were further diluted 
to the final experimental concentrations (quanti- 
fied below) with extracellular solution. 
Quantification of AB peptide concentration 
was performed using a Pierce BCA protein assay 
kit (ThermoFisher 23227), calibrated against a 
known concentration of bovine serum albumin, 
taking into account the different chromophoric 
development of albumin and Af peptides by mul- 
tiplying by a factor of 1.51 (43, 44). This showed 
that the amount of the molecule remaining as 
soluble monomers and oligomers (i.e., not undis- 
solved or removed as fibrils) was 28.7 + 2.9% (n = 
4) of the nominal concentration added for AB,_49, 
39.9 + 1.5% (n = 4) for ABj-40, and 43.6 + 2.3% 
(n = 3) for scrambled Af,_4. Concentrations 
stated in the text have been corrected for these 
factors and are given based on the monomeric 
molecular weight. It was not possible to make 
pure monomeric preparations of ABy_49 or ABy_40- 
The AS oligomeric preparations were analyzed 
via SDS-PAGE using 10 to 20% Tris-glycine gels 
(EC61352BOX, Invitrogen). Samples of AB pep- 
tides (50 ug) were added to Tris-glycine SDS 
sample buffer (LC2676, Invitrogen). Equal vol- 
umes of each sample (10 ul) were loaded onto 
gels along with SeeBluePlus2 (Invitrogen) pre- 
stained molecular weight markers and electro- 
phoretically separated at 100 V. Gels were stained 
for total protein using a SilverXpress Silver Stain- 
ing kit (LC6100, Invitrogen) according to the 
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manufacturer’s protocol. AB,_49 and AB, 49 formed 
monomers and oligomers, whereas scrambled 
AB,-42 formed mainly monomers (Fig. 1G). Using 
densitometry, we estimated that for Fig. 1G the 
percentages of AB,_49, AB;_49, and scrambled AB,_49 
present as monomers (defined as molecular 
weight 2.5 to 6.5 kDa) were 48%, 39%, and 89%, 
respectively; the percentages as dimers (MW 6.5 
to 11.5 kDa) were 11%, 46%, and 11%; the per- 
centages as trimers (MW 11.5 to 15.5 kDa) were 
22%, 6%, and 0%; and the percentages as tetra- 
mers (MW 15.5 to 20.5 kDa) were 19%, 4%, and 
0%. Thus, the measured EC;, of 4.7 nM for the 
effect of AB,_4 on constriction in Fig. 1D, which 
was calculated based on the monomeric molec- 
ular weight, would become approximately 4.7 x 
0.19 = 0.9 nM if only the tetramer was active. 


Immunohistochemistry of 

non-biopsy tissue 

Human and rat brain slices were fixed in 4% 
paraformaldehyde (PFA) for 1 hour, washed three 
times in PBS, then blocked in 10% goat serum/ 
0.5% Triton X-100 in PBS. Primary antibodies 
for PDGFR§ (Santa Cruz, sc432, 1:200) or o-SMA 
(Santa Cruz, CGA7, 1:200) or AB (IBL, 82E1, 1:500) 
were applied overnight, followed (after wash- 
ing in PBS) by application overnight of Alexa 
Fluor 647 or 633 conjugated secondary antibodies 
(ThermoFisher, A-21245, A-21070, A-21050, 2 g/ml). 
Slices were then washed once in PBS containing 
DAPI nuclear stain (1:50,000) for 10 min and then 
washed again in PBS. After mounting, slices were 
imaged on a Zeiss LSM700 confocal microscope. 


Imaging pericyte [Ca**]; 

Experiments were carried out on acute cortical 
brain slices from P44 to P88 mice, of either sex, 
generated by crossing tamoxifen-inducible NG2- 
Cre®8! mice (45) with floxed GCaMP5G-IRES- 
tdTomato mice (JAX 024477). Coexpression of 
the genetically encoded Ca?* indicator GCaMP5G 
and the morphological marker tdTomato (driven 
by the CAG promoter after Cre-mediated recom- 
bination) was induced by oral gavage of tamoxifen 
(1 mg per 10 g body weight) for four consecutive 
days (starting from P23). Brain slices (300 um 
thick) were prepared from 21 days after the first 
tamoxifen administration, as described above 
for human and rat brain slices. Cortical capillary 
pericytes, identified in the tdTomato channel 
from their bump-on-a-log somatic morphology 
and processes wrapped around capillaries, were 
imaged using a two-photon microscope (Zeiss 
LSM 710 or 780) with the two-photon laser (Ti: 
sapphire Mai Tai DeepSee, Spectra Physics) tuned 
to 940 nm. Images were acquired with a 20x/ 
1.0 NA water immersion objective (W Plan- 
Apochromat, Zeiss). Laser power was 5 to 20 mW 
in the focal plane. Emitted fluorescence was 
spectrally divided by a 555-nm dichroic mirror 
and collected by GaAsP detectors. Two-photon 
image stacks (50 to 200 um x 50 to 200 um x 20 
to 40 11m; 150 to 300 nm pixel size, 2 4m z-step 
size, 1.58 to 2.55 us pixel dwell time) were ac- 
quired every 30 s and processed using FIJI 
(ImageJ). Image stacks were first projected at 
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maximum intensity in the z-dimension, and both 
channels were co-registered to correct for move- 
ment artifacts using the FIJI plugin Multistackreg. 
Percentage changes in the GCaMP5G fluorescence 
of regions of interest (ROIs) drawn around pericyte 
somata were calculated. Oligodendrocyte precur- 
sor cells (OPCs), identified on the basis of a star- 
like morphology and weaker baseline fluorescence, 
and arteriolar smooth muscle cells were excluded 
from the analysis. 


Assessing pericyte death 


This was carried out as described (19). Briefly, 
brain slices (250 um thick) were incubated at 
36° + 1°C in a multiwell plate, with 95% O4/5% 
CO, blown gently at the surface, in aCSF, or 
aCSF with oligomerized AB,_49 or ET added. All 
extracellular solutions contained IB, (47) to label 
the basement membrane (ThermoFisher 121411, 
10 ug/ml), and hence to label pericytes that are 
enveloped by this (Fig. 1B), and 7.5 uM propi- 
dium iodide to label cells with membranes that 
had become nonspecifically permeable (19). After 
3 hours of incubation, slices were fixed in 4% 
PFA for 2 hours, washed three times with PBS 
for 15 min each, mounted in DAKO medium, and 
imaged on a confocal microscope. To avoid count- 
ing cells killed by the slicing procedure, quantifi- 
cation of the percentage of pericytes that were dead 
excluded cells within 20 um of the slice surface. 


Imaging ROS production 


Cellular production of ROS in brain slices was 
visualized through the O,--specific oxidation 
of dihydroethidium to ethidium, which binds 
to the DNA and RNA of O,:-producing cells 
(46). Rat cortical slices (250 wm thick) were 
incubated in aCSF or in aCSF containing AB,_49 
(72 nM) or ABy-42 + SOD1 (150 units/ml) at 34°C. 
Dihydroethidium (DHE, 8 uM, Cayman, 104821) 
was added to all solutions immediately before 
use to avoid auto-oxidation of the dye. No prein- 
cubation with DHE was used, so as to limit the 
intracellular accumulation of oxidized product. 
After 40 min, the slices were quickly rinsed in 
PBS, mounted, and immediately imaged using a 
confocal microscope. A single image stack was 
acquired at the middle of each slice and for Fig. 3B 
the fluorescence intensity of the maximum inten- 
sity projections was measured using ImageJ. For 
establishing the identity of ROS-producing cells, 
slices were fixed in 4% PFA for 20 min and im- 
munostained for NG2 (Millipore AB5320, 1:200) 
and Ibal (Synaptic Systems 234006, 1:200). Alexa 
488-IB, (ThermoFisher 121411, 10 ug/ml) was 
added with the secondary antibodies to also label 
blood vessels. In maximum intensity projections 
of z-stacks, ROIs were then drawn around the 
nuclei of pericytes (NG2-expressing cells on capil- 
laries) and Ibal-expressing immune cells (micro- 
glia and perivascular macrophages) and the DHE 
signal within each ROI was measured in ImageJ. 
For each z-stack, a mean intensity per pericyte or 
Ibal-labeled cell, and the total intensity per pop- 
ulation of pericytes or Ibal-labeled cells, were cal- 
culated, and analysis was performed using the 
z-stack as the statistical unit. 
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For glutathione imaging, rat brain slices were 
incubated with AB and fixed as described above, 
then incubated with 10 mM N-ethylmaleimide 
(NEM) for 4 hours at 4°C and washed thoroughly 
with PBS. The sections were additionally immu- 
nolabeled with a GSH-NEM antibody (Millipore 
MAB3194, 1:500), which is specific to this adduct, 
allowing quantification of reduced glutathione 
after reaction with NEM (47). After confocal 
imaging, ROIs were drawn around the soma of 
IB,-labeled pericytes and Ibal-expressing immune 
cells as above and the total fluorescence signal 
for GSH-NEM was quantified for each cell and 
averaged over cells. 


Human biopsy data 


Diagnostic brain biopsies, comprising cortex and 
subcortical white matter, were performed as part 
of routine clinical investigation at the National 
Hospital for Neurology and Neurosurgery, Queen 
Square, London, to exclude treatable causes of 
neurological symptoms that patients showing 
cognitive decline had presented with. All patients 
gave informed consent for the biopsy. The use of 
human tissue samples was licensed by the Na- 
tional Research Ethical Service, UK (University 
College London Hospitals NRES license for using 
human tissue samples, project ref 08/0077). The 
storage of human tissue was licensed by the 
Human Tissue Authority, UK (License #12054). 
Biopsies (volume typically 1 cm?) were all 
from the right frontal lobe. The biopsies were 
fixed in 10% buffered formalin less than 30 min 
after the resection, for a minimum of 12 hours. 
The formalin-fixed tissue was dehydrated through 
graded alcohols and embedded in paraffin wax, 
from which 4-.m-thick sections were cut for 
routine hematoxylin and eosin staining and a 
panel of immunohistochemical stains. As part 
of the diagnostic workup, the sections were 
immunostained for AB with immunoperoxidase- 
labeled antibody 6F3D (DAKO, 1:50), and for this 
study in addition with antibody against PDGFRB 
(RD systems, MAB1263, 1:20) to label pericytes. 
This was performed on a Roche Ventana Discov- 
ery automated staining platform following the 
manufacturer’s guidelines, using biotinylated sec- 
ondary antibodies and streptavidin-conjugated 
horseradish peroxidase and diaminobenzidine 
as the chromogen. The extent of parenchymal AB 
deposition was assessed semiquantitatively as 
absent, moderate, or severe by a neuropathologist. 
In addition, to objectively quantify AB deposition, 
the images of the immunoperoxidase label for 
AB were imported into ImageJ and split into 
red, green, and blue channels. Then, the light 
intensity in the blue channel (which gave best 
distinction of the immunoperoxidase label from 
the background tissue hematoxylin labeling) was 
measured in the region of the biopsy where diam- 
eters were measured, normalized by the inten- 
sity in a region of the section showing no visible 
AB label and converted to a percentage of light 
absorbed by the AB. Normalizing by the intensity 
in a (tissue-free) region without any tissue ab- 
sorption gave values that were 5.8 + 0.5% larger, 
which did not materially change the form of the 
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graphs. Although this measure of AB may largely 
reflect the presence of plaques, it is likely that the 
soluble AB concentration correlates with plaque 
load (48). 

The mean age of patients without AB deposi- 
tion was 50.5 + 5.5 (n = 6, 4 women and 2 men), 
and of those with AB deposition was 62.1 + 4.2 
(n = '7, 4 women and 3 men, not significantly 
different, P = 0.11). Regressing mean capillary 
diameter against age from all patients, or from 
the patients lacking AB deposition, showed that 
there was no significant dependence on age (P = 
0.5 and P = 0.82, respectively). 

Images were analyzed to assess capillary diam- 
eter with the experimenter blinded to the level 
of AB deposits (i.e., viewing only the PDGFRB 
channel; the condition of the tissue was some- 
times worse for patients with AB deposition, but 
it was not possible to unambiguously decide 
whether the patient had Af deposition without 
viewing the AB channel). A standard 5 x 4 grid 
of 20 squares (each with sides 400 um long) 
was superimposed on each image, and all capil- 
laries with clearly demarcated endothelial walls 
visible in each square had their diameter mea- 
sured. The image squares were treated as the 
experimental unit for statistical analysis. Anal- 
ysis of the diameter as a function of distance 
from the nearest visible pericyte used a subset 
of all the measured diameters, because often no 
pericyte was visible on some short capillary seg- 
ments. The total number of measurable capillary 
segments (within the 5 x 4 grid) per subject was 
not significantly different (P = 0.56) between 
subjects depositing AB (732 + 96) and subjects 
not depositing AB (654 + 88), suggesting no 
detectably greater loss of capillaries in the sub- 
jects depositing Af. 


Experiments in vivo on AD mice 


AD mice, in which APP with a humanized AB 
region containing three AD-related mutations 
(App’”**) is knocked in (49) to avoid artifacts 
associated with overexpressing APP, were crossed 
with NG2-DsRed mice in which pericytes express 
DsRed (19). Mice aged ~4 months (P119 to P143, 
not significantly different for wild-type and AD, 
P = 0.13) were anesthetized using urethane (1.55 g/kg 
given in two doses 15 min apart). Adequate 
anesthesia was ensured by confirming the ab- 
sence of a withdrawal response to a paw pinch. 
Body temperature was maintained at 36.8° + 
0.3°C and eyes were protected from drying by 
applying polyacrylic acid eye drops (Dr. Winzer 
Pharma). The animal was secured in a stereotaxic 
frame and lidocaine/prilocaine (AstraZeneca) was 
applied topically prior to exposing the skull. A 
custom-built headplate was then attached to 
the skull using superglue to create a sealed well 
filled with HEPES-buffered aCSF (140 mM NaCl, 
10 mM HEPES, 2.5 mM KCl, 1 mM NaH,PO,, 
10 mM glucose, 2 mM CaCly, and 1 mM MgCl.) 
during imaging. A craniotomy of approximately 
3 mm diameter was performed over the right 
primary somatosensory cortex, immediately cau- 
dal to the coronal suture and approximately 2 
to 6 mm laterally from the midline, or over the 
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right cerebellar hemisphere for imaging cere- 
bellar vessels. The dura was left intact to reduce 
perturbation of the brain. During imaging, the 
headplate was secured under the objective on a 
custom-built stage. 

Cortical or cerebellar vessel diameter was re- 
corded using two-photon microscopy of the 
intraluminal dyes Cascade Blue dextran (MW 
10 kDa, Invitrogen, D1976, 1.25 mg in 100 ul of 
saline given i.v.) or albumin-fluorescein isothio- 
cyanate conjugate (FITC-albumin, Sigma, A9771, 
1 mg in 100 ul of saline given retro-orbitally). 
Two-photon excitation was carried out using a 
Newport-Spectraphysics Ti:sapphire MaiTai laser 
pulsing at 80 MHz, and a Zeiss LSM710 micro- 
scope with a 20x water immersion objective (NA 
1.0). Fluorescence was evoked using a wave- 
length of 920 nm for DsRed, 820 nm for FITC- 
albumin, and 800 nm for Cascade-Blue. The 
mean laser power under the objective did not 
exceed 35 mW. Penetrating arterioles >10 um 
in size were identified by the typical ring shape 
of vascular smooth muscle cells expressing DsRed 
in NG2-DsRed (wild-type or APPN’S*) mice. 
Image stacks were taken in 2-um depth incre- 
ments across layers I to IV of the cortex (up to 
400 um deep from the cortical surface). To mea- 
sure vessel diameter, a line was drawn in ImageJ 
across the vessel perpendicular to its axis and the 
width of the intraluminal dye fluorescence was 
measured, either manually or using an automa- 
ted routine fitting a Gaussian function to the 
fluorescence profile in ImageJ and calculating the 
full width at quarter-maximum of the peak fluo- 
rescence intensity (which gave results insignif- 
icantly different from the manual measurement). 


Assessing hypoxia in vivo 
with pimonidazole 


Hypoxia was assessed in vivo using the Hypoxyprobe- 
Plus (HP2-100, Hypoxyprobe Inc.) kit following 
the manufacturer’s instructions. After anesthesia 
induction with 3% isoflurane in air, animals were 
switched to 1.5% isoflurane in air and pimonida- 
zole HCl (60 mg/kg) was injected intraperitoneally. 
Four hours after pimonidazole injection, animals 
were transferred to urethane anesthesia (1.55 g/kg) 
and killed by perfusion fixation. Brains were 
extracted and kept in paraformaldehyde for 
24 hours prior to sectioning for immunohisto- 
chemistry using the FITC-conjugated antibody 
provided in the kit, which recognizes conjugates 
of pimonidazole with protein SH groups in hy- 
poxic cells. 


Statistics 


Data are presented as means + SEM. Data 
normality was assessed with Shapiro-Wilk or 
D’Agostino-Pearson omnibus tests. Comparisons 
of normally distributed data were made using 
two-tailed Student ¢ tests. Equality of variance 
was assessed with an F test, and heteroscedastic 
t tests were used if needed. Data that were not 
normally distributed were analyzed with Mann- 
Whitney tests. P values were corrected for mul- 
tiple comparisons using a procedure equivalent 
to the Holm-Bonferroni method (for N compar- 
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isons, the most significant P value is multiplied 
by N, the 2nd most significant by N - 1, the 3rd 
most significant by N - 2, etc.; corrected P values 
are significant if they are less than 0.05). As- 
sessment of whether the slope of linear regres- 
sions differed significantly from zero was obtained 
using the ¢ statistic for the slope. P values com- 
paring vessel diameters in the absence and pre- 
sence of drugs were calculated for the last data 
point in each graph shown, or for an exposure 
time of 45 to 60 min if no graph is shown. An 
estimate of the sample size needed for a typical 
experiment is as follows: For a control response 
of 100%, a response standard deviation of 10%, 
a response in a drug of 70% (30% inhibition), a 
power of 80% and P < 0.05, fewer than six ves- 
sels are needed in each of the control and drug 
groups (www.biomath.info/power/ttest.htm). The 
exact numbers depend on the drug effect size 
and standard error of the data. 


Calculation of effect of vessel 
constriction on flow 


We assume that pericytes are regularly spaced 
on capillaries at an interval of 2L. For flow gov- 
erned by Poiseuille’s law, the resistance of a seg- 
ment of capillary of length L (from a pericyte 
soma to midway between two pericytes) and 
radius 7; is given by 


Ty ? 


where & is a constant. If AB-induced pericyte 
contraction reduces the capillary diameter from 
avalue of r, at the midpoint between pericytes to 
TY, near the pericyte soma (see Fig. 4, A, B, and D), 
then, if this reduction is linear with distance, the 
resistance of the capillary segment from the soma 
to the midpoint is given by 


kL (ry? + Tyre + 19”) 
BrPre? 


so the factor by which the resistance is altered 
(relative to that with a uniform diameter 7) is 


2 
p+a+(@)']a 
3 


Thus, with AB deposition, the 30% pericyte con- 
striction reported at pericyte somata in Fig. 4D 
will increase the resistance by a factor of 2.1 rela- 
tive to a situation with the capillary having a 
uniform diameter equal to that measured far 
from the pericyte somata (~3.9 um in Fig. 4D), 
and the 27% increase in diameter at the soma 
in subjects without AB deposition will decrease 
the resistance to 0.63 of the value with a uniform 
capillary. Taking the ratio of these changes leads 
to the conclusion that the capillary constriction 
occurring with AB deposition will increase the 
capillary resistance by a factor of 3.4 (relative 
to the condition with no Af deposition). Because 
the capillaries provide 57% of the total vascular 
resistance in the brain parenchyma (/6), and be- 
cause the diameter of arterioles and venules is 


10 of 11 


6102 ‘8 Ainr uo /fio Bewesuel9s‘eouel0s//:djjy Wo) pepeojumoq 


RESEARCH | RESEARCH ARTICLE 


not changed (Fig. 5H), it follows that if the pres- 
sure is fixed at the pial end of penetrating arte- 
rioles and venules, then cerebral blood flow will 
be decreased by 58%, calculated as (43% + 57%)/ 
[43% + (3.4 x 57%)]. In reality, the flow reduction 
could be greater than this because Poiseuille’s 
law does not apply for small capillary diameters 
for which the effective blood viscosity increases 
as the diameter decreases below 10 um (50). Note 
that the data in Fig. 4 were averaged over all vis- 
ible pericytes in the images, and so they already 
take account of the fact that the contractility of 
capillary pericytes decreases for higher branch 
orders of capillary (19). 
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Hubbard model 
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Understanding strongly correlated quantum many-body states is one of the 

most difficult challenges in modern physics. For example, there remain fundamental 
open questions on the phase diagram of the Hubbard model, which describes 
strongly correlated electrons in solids. In this work, we realize the Hubbard 
Hamiltonian and search for specific patterns within the individual images of 

many realizations of strongly correlated ultracold fermions in an optical lattice. 
Upon doping a cold-atom antiferromagnet, we find consistency with geometric 
strings, entities that may explain the relationship between hole motion and spin 
order, in both pattern-based and conventional observables. Our results demonstrate 
the potential for pattern recognition to provide key insights into cold-atom quantum 


many-body systems. 


uantum superposition describes quantum 

systems as simultaneously realizing dif- 

ferent configurations. Such behavior is 

believed to be at the heart of phenomena 

in strongly correlated quantum many-body 
systems, which cannot be described by single- 
particle or mean-field theories. An intriguing con- 
sequence of the superposition principle is the 
existence of hidden order in correlated quantum 
systems: Although every individual configuration 
is characterized by a particular pattern, the av- 
erage over these configurations leads to an ap- 
parent loss of order. By contrast, instantaneous 
projective measurements have the potential to 
reveal these underlying patterns. 

One notable example of a system with hidden 
order is the one-dimensional (1D) Fermi-Hubbard 
model at strong coupling (/, 2). Although 1D 
chains with additional holes or particles beyond 
an average of one particle per site (doped) yield 
average two-point spin correlations that decay 
more rapidly with distance than chains with an 
average of one particle per site (half-filled), this 
magnetic ordering can be revealed by account- 
ing for the fluctuating positions across individual 
configurations of the additional dopants within 
each chain. The apparent loss of magnetic order 
is in fact hidden order, hidden by the dopants 
and their varying positions (3, 4). Although di- 
rect detection of this hidden string order remains 
inaccessible in solids, experiments with ultracold 
atoms enable projective measurements, or “snap- 
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shots,” and generally can provide access to such 
structures (5). In particular, quantum gas micros- 
copy (6) enables site-resolved imaging and access 
to correlators that have been constructed to 
reveal the hidden order (7). 

The hidden order in 1D is well understood, 
but the physics of the 2D Hubbard model is 
fundamentally more complex because of an in- 
tricate interplay between spin and charge degrees 
of freedom; as a result, formulating an appropri- 
ate correlation function to search for hidden order 
becomes considerably more challenging. The 2D 
Hubbard model is believed to capture the rich 
physics of high-temperature superconductivity 
and other phases (8-10) such as the strange 
metal, stripe, antiferromagnet (AFM), or pseudo- 
gap phase, but a unified understanding of 
these phenomena is still lacking. For exam- 
ple, the behavior of individual dopants in an 
AFM is not agreed upon, including whether 
hidden string order is present and dopants hide 
magnetic correlations by shifting the positions 
of a string of spins. Quantum gas microscopy, 
however, provides a perspective that goes beyond 
the framework of two- or multipoint correlations. 
Hidden string order can be searched for directly 
within individual snapshots of the quantum me- 
chanical wave function, where quantum fluctua- 
tions are resolved. 

Here we perform a microscopic study of the 
hole-doped Fermi-Hubbard model and report 
indications of string patterns in 2D over a wide 
doping range. Our measurements use ultracold 
fermions in an optical lattice down to the lowest 
currently achievable temperatures, where at low 
doping AFM correlations extend across the system 
size (11). We identify string patterns in individual 
projective measurements and compare them 
with predictions from microscopic theoretical 
approaches. 


Candidate theories for the doped 
Hubbard model 

We study the Fermi-Hubbard model, which is 
defined by the Hamiltonian 


(1) 


(see Fig. 1A). The first term describes tunneling 
of amplitude ¢ of spin-% fermions ¢;,, with spin 
o between adjacent sites i and j of a two- 
dimensional square lattice. The second term 
includes on-site interactions of strength U be- 
tween fermions of opposite spin. We consider 
the strongly correlated regime, where U>t and 
doubly occupied sites are energetically costly. 

The Fermi-Hubbard model is well understood 
when the band is half-filled at an average of one 
particle per site (Fig. 1B). For temperatures T« J, 
whereJ = 4t?/U is the superexchange coupling, 
AFM correlations appear. Although these mag- 
netic correlations are finite-ranged at nonzero 
temperatures, sufficiently cold finite-size systems 
can have AFM order across the entire system (11). 

Much less is known about the doped Fermi- 
Hubbard model. However, it is understood that 
dopant delocalization for kinetic energy mini- 
mization competes with spin interactions in the 
background AFM. Experiments on the cuprates 
have also shown that at temperatures T < J and 
between 10 and 20% doping, the pseudogap 
phase crosses over to the strange metal, located 
above the superconducting dome (9). These two 
metallic phases (pseudogap and strange metal) 
defy a description in terms of conventional 
quasiparticles and still lack a unified theoretical 
understanding. 

Although phenomenological, numeric, and 
mean-field (MF) approaches have provided key 
insights in the past, quantum gas microscopy is 
naturally suited to assess microscopic theoretical 
approaches. One such theory is Anderson’s re- 
sonating valence bond (RVB) picture (72), which 
considers trial wave functions of free holes moving 
through a spin liquid composed of singlet cover- 
ings. We consider one particular class of RVB 
wave functions that have been studied exten- 
sively, called n-flux states (13). They stem from 
an MF density matrix p = Powe ue /ke TP ow, 
where kz is Boltzmann’s constant, Pow is the 
Gutzwiller projection, and Hor is the quadratic 
Hamiltonian of itinerant fermions on a square 
lattice with a Peierls phase of x per plaquette [see 
section 6.1 of (14) for details]. Snapshots of the 
trial state in the Fock basis can be obtained by 
Monte-Carlo sampling, with temperature T as a 
free fit parameter (15). 

A second microscopic approach that we exam- 
ine is the geometric-string theory (16), where AFM 
order at half-filling is hidden in doped states 
via hole motion. This theory extends earlier work 
(17-19) and establishes a relationship between 
the AFM parent state at half-filling and the strongly 
correlated quantum states at finite doping. Here, 
holes move through the parent AFM by displacing 
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Fig. 1. Quantum simulation of the Hubbard model. (A) Quantum gases trapped in optical lattices 
realize the Hubbard model with tunable on-site interaction U and nearest-neighbor hopping t. 
Quantum gas microscopy enables site-resolved readout of the quantum state. (B) Schematic of the 
conjectured phase diagram of the finite-size 2D Hubbard model with the experimentally accessed 
regime (green shading). (C) Outline of experimental observables used and theoretical models 
evaluated. We evaluate theories using both standard observables and pattern-recognition—based 


observables using snapshots of the quantum state. 


each spin along its trajectory by one lattice site, 
whereas the AFM quantum state remains other- 
wise unmodified; this is the frozen-spin approxi- 
mation (20). The delocalization of each hole can 
then be described as a superposition state of hole 
trajectories, or geometric strings, whose lengths 
£ depend on the strength of AFM correlations 
and the ratio of the kinetic energy ¢ to the super- 
exchange J. For any given temperature, a distri- 
bution function pn(/) of string lengths can be 
obtained by sampling a Boltzmann distribution 
of string states (Fig. 1C). 

We directly assess these microscopic theoret- 
ical approaches with a quantum gas microscope, 
which provides projective measurements of the 
quantum mechanical wave function for the doped 
Hubbard model in the parity-projected Fock basis. 
Our experimental setup consists of a balanced two- 
component gas of fermionic lithium in the lowest 
band of a square optical lattice (27), with U/t set 
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to 8.1(2). We selectively image one of the spin 
states or the total atom distribution (22). Entropy 
redistribution with a digital micromirror device 
enables a disk-shaped homogeneous system of 
~80 sites with temperatures as low as T/J = 0.50(4) 
(11). We alter the local chemical potential to dope 
the system, maintaining independent temperature 
control [section 7.1 of (14)]. We determine the 
doping from the single-particle occupation den- 
sity and temperature from the nearest-neighbor 
spin correlator, both by comparing to numerics 
[section 2 of (14)]. 


Pattern recognition of geometric strings 


We design a pattern recognition algorithm for 
geometric strings that we apply to real-space 
snapshots where doublons and one of the two 
spin states have been removed (Fig. 2A). Because 
geometric strings describe a relationship between 
doped and half-filled AFMs, we search for string- 


like patterns in the deviation between snapshots 
of the doped Hubbard model and an approxima- 
tion to the AFM, an exact checkerboard. For each 
image, we take the set of sites that deviate and 
extract string patterns using the following rules: 
(i) every string pattern is a connected subset of 
sites forming a path without branching points; 
(ii) each site can be part of only one string pat- 
tern; (iii) longer string patterns are favored; and 
(iv) every string pattern must have at one end a 
site that is detected as empty, and therefore con- 
sistent with having a hole on that site. We discuss 
alternate algorithms in section 3.4 of (14). 

We find that this algorithm is indeed sensitive 
to hole doping. Figure 2B shows string-pattern 
length distributions p*(/) over pattern lengths 
é, averaged over experimental data at temper- 
atures between 0.50(4)/J and 0.70(3)J. As the 
sample is doped from half-filling to a doping 6 
of 10.0(8)%, the number of string patterns in- 
creases across the entire range of lengths. The 
appreciable distribution of string patterns p°(/) 
detected at half-filling reflects the deviation of a 
quantum AFM from our checkerboard approx- 
imation and therefore should be considered as 
a baseline level. This baseline can be reproduced 
through Heisenberg quantum Monte Carlo sim- 
ulation [see section 3.3.3 of (J4)] and is largely 
caused by the finite temperature and underlying 
SU(2) symmetry of the system. We have lessened 
these contributions by reducing the analysis 
region to a diameter of seven sites and postse- 
lecting on the staggered magnetization. In sec- 
tion 3.3 of (14), we show that results are robust 
to the choice of postselection scheme and that 
the limited detection of one of the spin states 
causes only an overall factor decrease in string 
patterns detected. 

Next, we compare our experimental results to 
the simulation results of three microscopic models. 
We make predictions by producing artificial images 
and evaluating them with our string pattern de- 
tection algorithm, such that the detection is com- 
mon to experiment and theoretical simulation. 
Beginning with the analytic string model, we gen- 
erate images by randomly placing a number of 
holes into actual experimental images taken at 
half-filling, then randomly propagating each hole 
according to the analytically generated string- 
length histogram (see Fig. 1C) and appropriately 
displacing the spins along the hole’s path. Note 
that this approach preserves the SU(2) symmetry 
of the system. The resulting string-pattern length 
distribution agrees with experimental data [see 
Fig. 2B for 10% doping], even though the theory 
has no free parameters. 

To verify whether our measured signal simply 
results from the introduction of holes rather than 
changes to the spin background, we next com- 
pare our experimental result with simulations 
where holes are artificially and randomly placed 
(“sprinkled”) into experimental data taken at half- 
filling, equivalent to placing one-site-long strings. 
The associated string-pattern length distribution 
p®(€) fails to explain the experimental results, 
revealing the nontrivial interplay of spin and 
charge degrees of freedom in the 2D doped Hubbard 
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model. Last, we compare our experimental result 
to n-flux states by fitting the nearest-neighbor 
spin correlator for an effective temperature and 
producing simulated images at 10% doping, and 
find quantitative agreement with experiment at 
short pattern lengths, but a deficit at long lengths. 

We repeat the measurements for a sample 
heated before lattice loading to investigate tem- 
perature effects. Figure 2C shows experimental 
data at half-filling and at 10.1(8)% doping, along 
with the simulated prediction, averaged over sam- 
ples at temperatures between 1.3(1)J and 1.8(1)J. 
In contrast to colder temperatures, there is no 
statistically significant deviation between the 
experimental data with and without hole doping; 
p°1(0) = p°(é). For these temperatures, spin or- 
dering is so weak that the resulting string pat- 
terns may mask additional effects from doping. 
These deviations appear to set an upper bound 
on the density of detectable string patterns (Fig. 
2E); we therefore plot the pattern length distri- 
bution for high-temperature and half-filling as a 
reference for the cold temperature datasets in Fig. 
2B (gray dash-dotted line). 

In Fig. 2D and its inset we plot, respectively, 
the relative and absolute differences between the 
pattern-length histograms in the doped and un- 
doped cases; these differences are shown for both 
the cold and hot datasets used in Fig. 2, B and C. 
For the undoped case, we use the sprinkled string- 
pattern length distribution p®(/) to account for 


Fig. 2. Measurement of string-pattern length 
histograms from site-resolved snapshots. 
(A) Schematic explanation of the string-pattern 
identification algorithm (see text). (B and C) 
Change in string-pattern length histograms upon 
doping to 10% and comparison with simulated 
models at 10% doping, for temperatures below 
(B) and above (C) the superexchange energy J. 
The observable is only sensitive to doping in 
the colder dataset, and simulated strings seem 
to fit the doped experimental result best. Points 
have been slightly offset horizontally for 
readability and insets plot the same data on 
linear-linear axes. (D) Relative and absolute 
(inset) difference between doped and undoped 
pattern-length histograms, highlighting 
temperature-dependent sensitivity. The 
sprinkled-hole result is used for the undoped 
case as it accounts for the change in density. 
(E) Regions of the phase diagram examined 

in (B) and (C). The string-pattern observable 
has sensitivity at temperatures below J and 
below intermediate doping. In (B), (C), and (D), 
histograms are normalized by the number of 
lattice sites analyzed and error bars represent 
1 SEM from more than 5500 (half-filling, cold), 
3500 (doped, cold), 2900 (half-filling, hot), 

and 4600 (doped, hot) images. 
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any deviation from the half-filling distribution 
resulting from the introduction of holes. Although 
the absolute difference does not recover the exact 
analytic string distribution (Fig. 1C), which can 
be attributed to the imperfect detection of the 
pattern recognition algorithm, for cold temper- 
atures it does assume a qualitatively similar dis- 
tribution. Notably, at 10.0(8)% doping we find more 
than three times as many length-9 patterns as there 
are at half filling, reflecting the large impact of 
holes in an AFM spin background. 

Focusing on the cold dataset, we now examine 
the relationship between doping and the num- 
ber of detected string patterns (Fig. 3A). In this 
string-pattern count, we omit patterns of one or 
two sites to avoid contributions from quantum 
fluctuations such as doublon-hole pairs or spin- 
exchange processes. The string-pattern count in- 
creases with doping and saturates at about 16% 
doping. This saturation is consistent with a high 
density of strings and overlapping or adjacent 
strings scrambling spin order such that pattern 
detection becomes insensitive to additional strings. 
The continued agreement between geometric strings 
and experiment in both the string-pattern count 
and the absolute difference p°(/) — p°(f) sug- 
gests that the increase in number of string states 
is sufficient to explain the experimental data. 

The experimental string-pattern count is sig- 
nificantly larger than that of the sprinkled-hole 
simulation; nonetheless, there is an increase in 


detected string patterns owing to the additional 
holes. The string-pattern count from z-flux states 
shows considerably better agreement with exper- 
imental data than with sprinkled holes, exhibit- 
ing only a slight excess of string patterns at low 
doping and a deficit at high doping. The largest 
deviations occur at low doping, which may be 
related to the absence of long-range order at zero 
temperature in z-flux states at half-filling. 

The average string-pattern length quantifies 
the size of the region around the hole where the 
spin pattern is distorted by the string (Fig. 3B). 
The observed values are comparatively small, in- 
fluenced by the large contributions from quantum 
fluctuations at half-filling. The average string- 
pattern length does not change substantially with 
doping, consistent with spatially isolated patterns; 
however, at larger dopings, we observe a slight 
decrease in average length that coincides with 
the observed saturation in the string count. This 
behavior is captured by the geometric-string model 
for low and intermediate doping. At high doping, 
the theory exhibits shorter average string lengths 
than the experiment, which may result from high- 
string-density effects such as string-string inter- 
actions, which are not included in the theory. 

We compare these results to a dataset in which 
geometric strings are not expected to occur. This 
dataset consists of experimental images taken at 
various temperatures at half-filling with sprinkled 
holes to match each desired doping level [for 
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details, see section 3.5 of (14)]. Temperatures 
are chosen to match the measured staggered 
magnetization and capture the observed loss of 
AFM order. Notably, the average string-pattern 
length reveals that this loss through heating oc- 
curs in a fundamentally different way than through 
doping. For all nonzero doping, the temperature- 
based dataset exhibits shorter average string-pattern 
lengths than the experimentally measured dop- 
ing dataset. As doping increases, the average length 
monotonically decreases. Alternatively, we match 
the nearest-neighbor spin correlator instead of the 
staggered magnetization and find an even greater 
distinction between the doped and temperature- 
based datasets. 

We better understand the role of temperature 
in string-pattern detection by observing how the 
string-pattern count varies with temperature at 
fixed doping. For 10% doping, we plot the differ- 
ence between the experiment and sprinkled-hole 
string-pattern counts (Fig. 3C), which are plotted 
separately in the inset. At our lowest temperatures, 
the difference is greatest. This high sensitivity is 
consistent with the greatest spin ordering for the 
parent AFM at low temperatures, accompanied 
by a relatively large string-pattern count from the 
experimental data. The difference decreases stead- 
ily with increasing temperature, predominantly 
owing to the increase in the sprinkled-hole string- 
pattern count from decreased spin ordering in the 
parent AFM, vanishing around T = J. 


Spin correlations and staggered 
magnetization 


An accurate microscopic framework for the 
Fermi-Hubbard model should also be able to 
predict more conventional observables such as 
two-point correlation functions, which have been 
used with quantum gas microscopes to quantify 
spin and charge order (22-25). To that end, we 
measure the sign-corrected spin-spin correlation 
function for displacements |d| = d, averaged 
over all sites i in the system and all experimental 
realizations 


ja) (Si Sipe) a al (2) 


Cs(|d|) = (—1) 


where Sz is the spin.S operator on sitei.S = 1/2, 
and ||d|| denotes the Z norm of d, by measuring 
charge correlations in experimental realizations 
with and without spin removal (22). Thanks to 
the sign correction (—1) Hal, positive correlator 
values indicate AFM ordering. Figure 4A shows 
the nearest neighbor, diagonal next-nearest neigh- 
bor, and straight next-nearest neighbor spin cor- 
relators [C;(1), C.(/2), and C;(2), respectively] as 
a function of doping at T = 0.65(4)J. At half- 
filling, C,(1) is substantially larger than both 
C,(./2) and C,(2), owing to a strong admixture 
of spin singlets on adjacent sites (26). As the sys- 
tem is doped, all correlators exhibit a reduction 
in magnitude. C,(1) remains positive for all ex- 
perimentally realized doping values, whereas 
C,(/2) exhibits a statisticially significant sign 
change around 20% doping. These features have 
been observed in experiment (22, 24, 27) and nu- 
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Fig. 3. Detailed examination of the detected string patterns upon doping. (A) (Top) Total 
number of string patterns exceeding length 2, normalized by the system size, as a function of doping. 
Although the string model and sprinkled-hole simulation both agree with experiment at half-filling by 
construction, already at low doping the string model performs significantly better than sprinkled 
holes. The string model is quantitatively accurate across a larger doping range than for z-flux states, 
but both are in greater agreement with experiment than the sprinkled-hole simulation. (Bottom) 
Although the absolute difference between doped and sprinkled-hole pattern-length histograms 
increases with doping, the shape remains roughly invariant. (B) Average string-pattern length versus 
doping. Doped AFMs exhibit longer-length string patterns compared to heated AFMs, even when the 
staggered magnetization or nearest-neighbor spin correlator is equal and holes are sprinkled in to 
equate doping levels (see text). (C) Total string count at 10% doping as a function of temperature, 
with corresponding sprinkled-hole string count subtracted. Sensitivity to strings decreases with 
temperature owing to decreased order in the parent AFM as seen in the sprinkled string count 
(inset). In (A) and (B), error bars on the doping are calculated as in (14), section 2.1. All other error 
bars represent 1 SEM. The figure is based on more than 24,800 experimental realizations. 


merics (24), and are good benchmarks for the 
evaluation of theoretical models. 

We make predictions for spin correlations 
from ensembles of non-postselected images with 
sprinkled holes, geometric strings, or 1-flux states. 
By construction, at half-filling the predictions of 
sprinkled holes and the string model are the same 
as those of experimental half-filling data. Away 
from half-filling, sprinkled holes underestimate 
the decrease of the correlators because the model 
fails to account for the disruption of AFM order 
as the system is doped. By contrast, beginning at 
intermediate doping values, the string model 
overestimates the decrease of C,(1), which could 
stem from backaction of the background state 
after string-state formation. However, it explains 
the decrease of C,(\/2) and C,(2) on a quanti- 
tative level. The x-flux model performs well and 
accurately predicts C,(1) and C,(2) far from half- 
filling but fails to predict the sign change of 
C.(V/2) at intermediate doping, even when the 
fitted temperature is varied. The sign change of 
C,(/2) is an interesting qualitative feature that 
is predicted and can be explained by the string 
model. As a direct result of spins being displaced 


by one site when a string passes through, C,(1) is 
mixed into C,(./2). Because C,(1) reflects oppo- 
site spin alignment from C,(/2), this mixing re- 
sults in a sign change once the contribution of 
C;(1) exceeds that of the original correlation 
strength at some critical doping. 

Cold-atom experiments provide access to full- 
counting statistics (FCS) because of their ability 
to project and measure an entire quantum system 
at once (11). We measure the FCS of the staggered 
magnetization operator 


Mie 25) (2m (3) 


for system size N across all experimental realiza- 
tions as we dope the system (Fig. 4B). As expected, 
the staggered magnetization distribution narrows, 
reflecting the finite-size crossover from the AFM- 
ordered phase (77). The sprinkled-hole simulation 
does not exhibit a major change in the distribu- 
tion as the system is doped, as it fails to account 
for holes disrupting the AFM order. By contrast, 
both 1-flux states and geometric strings demon- 
strate reasonable agreement with the experimentally 
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measured distribution function across all dop- 
ings. Across all observables considered, both of 
these theories perform quite well, especially in 
comparison to the sprinkled-holes simulation 
and the naive phenomenological models detailed 
in section 5 of (14). However, we find the sign 
change of Cy(/2) to be a key qualitative feature 
that is captured only by geometric strings. 


Antimoment correlations 


All observables studied in this work thus far have 
focused on the spin sector of the Hubbard model. 
Next, we examine correlations in the charge sector. 
At sufficiently low temperatures, one may expect 
signatures of pairing (10, 28) or stripe phases 
(29, 30), which lead to hole bunching. However, 
anticorrelations of the holes, as observed previ- 
ously at increased temperatures (24), are expected 
in the strongly correlated metallic regime of the 
Hubbard model. The transition between these two 
regimes in the Hubbard model phase diagram is 
not yet fully understood; however, the currently 
accessible experimental regime allows us to place 
more accurate bounds on where this transition 
can occur. We continue to compare experimental 
results to predictions of r-flux states, but do not 
compare to predictions of the geometric string 
theory because it approximates that charges are 
uncorrelated. Rather, because each string is asso- 
ciated with a single hole, correlation functions of 
holes can reveal possible interactions and correla- 
tions between geometric strings, should they exist. 

In our experiment, doubly occupied sites appear 
as empty when imaged and the exact hole cor- 
relation is not directly accessible; rather, we 
measure “antimoment” correlations C;,(|d|) at a 
distance |d|, which include contributions from 
doublon-doublon and doublon-hole correlations: 


Cr(\dl) = ( (1 = fte5)(1 = sia) 
—((1= figs) (= feiza))) (4) 


where 7,; is the single particle occupation on 
site i. Note that this correlator is identical to the 
moment correlator. At half-filling, numerics indi- 
cate positive antimoment correlations at the per- 
cent level for nearest neighbors, dominated by 
positive doublon-hole correlations (24). Doublon- 
hole pairs beyond nearest neighbors become in- 
creasingly unlikely; therefore, to avoid the effects 
of doublon-hole pairs, we focus on correlations at 
distances greater than 1. We find the nearest- 
neighbor antimoment correlator at half-filling to 
be weaker than predicted according to numerics, 
which may be caused by imperfect imaging fidel- 
ity. However, this effect only weakens the mag- 
nitude of the antimoment correlators measured; 
we therefore focus on qualitative conclusions from 
the experimental data. 

Figure 5A shows the antimoment correlation 
for 3% (top) and 19% doping (bottom) at a tem- 
perature T = 0.65(4)J. Whereas holes appear 
uncorrelated close to half-filling, at larger doping 
qualitatively different behavior appears. We find 
statistically significant antimoment anticorre- 
lations out to distances over two sites, reflecting 
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Fig. 4. Spin correlations and staggered magnetization. (A) Decay of nearest-neighbor (left), 
diagonal next-nearest-neighbor (center), and straight nearest-neighbor (right) spin-spin correlation 
functions upon doping. The z-flux theory most quantitatively explains C,(1), but only the string 
model captures the sign change of C,(V2). In all three cases, sprinkled holes overestimate the spin 
correlations. Doping error bars are calculated as in (14), section 2.1; all other error bars represent 
1 SEM. (B) Full counting statistics of the staggered magnetization for doping values of 6.0(5)% 
(left), 10.0(8)% (center), and 19.7(6)% (right). Both z-flux states and geometric strings show 
reasonable agreement, whereas sprinkled holes do not. The figure is based on more than 

29,900 experimental realizations at average temperature T = 0.65(4)J. 
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Fig. 5. Observation of hole antibunching. (A) Antimoment correlation function for weak (top) 
and strong (bottom) doping. The correlation functions are different up to a distance of d = 2. 

(B) Diagonal next-nearest neighbor and straight next-nearest neighbor antimoment correlators 
versus doping. At both distances negative correlations grow with doping. (C) Normalized antimo- 
ment correlator at d = V2 versus doping. The experimental result cannot be explained by the z-flux 
or a point-like magnetic polaron theory (see text), but instead matches a free fermionic chargon 
theory. In (B) and (C), error bars on the doping are calculated as in (14), section 2.1. All other 
error bars represent 1 SEM. The figure is based on more than 9900 experimental realizations at an 


average temperature T = 0.65(4)J. 
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hole-hole repulsion in this regime. Microscopi- 
cally, such repulsive interactions can arise from 
the existence of a low-lying bound state of two 
holes (37). Here we do not consider geometric- 
string theory or sprinkled holes because both 
introduce uncorrelated holes by construction. 
Additionally, in the comparison to z-flux states, 
we do not include doublon-hole pairs to avoid 
unintended artifacts in the antimoment corre- 
lator. For reference, we plot the predicted hole- 
hole correlation function for a phenomenological 
model of spinless fermionic chargons with nearest- 
neighbor hopping of strength ¢ and temperatures 
between 0.5J and 0.7/ (32). Here, strong anti- 
correlations result from Pauli repulsion between 
the fermionic chargons, but qualitatively sim- 
ilar behavior is expected for bosonic chargons 
with hard-core interactions. We find that both 
theories qualitatively describe the experimen- 
tal result. 

The emergence of this repelling behavior can 
be characterized by plotting the antimoment 
correlation as a function of doping for d = /2 
and d = 2 (Fig. 5B). Beyond the intermediate 
doping regime, negative correlations appear at 
distances of \/2 and 2, suggesting a growth of 
hole-hole repulsion with doping. Furthermore, the 
presence of antimoment correlations between 
sites of differing sublattices at d = 1 evidences 
against holes tunneling preferentially between 
sites of one sublattice, as predicted by theories of 
pointlike magnetic polarons with a dispersion min- 
imum at (n/2, 7/2) in the Brillouin zone (33-36). 

Finally, we plot a normalized g®) (d = \/2) to 
account for the difference between doped holes 
and holes in doublon-hole pairs and quantify the 
relative fraction of doped holes that are anti- 
correlated: 


Cn(d) 
82 


8 (|d|) = +1 (5) 


for doping 6 (Fig. 5C). This rescaling allows di- 
rect comparison to the g(?) function for theories 
without doublon-hole pairs. The number of free 
holes is too small for doping below 5% to make 
statistically significant statements about the be- 
havior of holes in this regime. In the geometric- 
string theory, we assume that chargons (dressed 
dopants) are completely uncorrelated with each 
other, but because of their fermionic statistics, 
Pauli blocking should actually introduce anti- 
correlations that have not yet been included in 
our analyses. We first consider a description of 
these chargons as pointlike magnetic polarons, 
where the known dispersion relation of the dressed 
hole (37) is used to define a tight-binding hopping 
model of the polaron. Figure 5C shows that our 
data are incompatible with this model, which pre- 
dicts significantly weaker hole-hole anticorrela- 
tions. Similar behavior is predicted by the z-flux 
theory, which models the doped holes as pointlike 
objects moving in a quantum spin liquid of singlets. 

Next, we examine a picture of free chargons, 
motivated by considering magnetic polarons 
with a finite extent that results from the spinon- 
chargon bound state predicted by geometric- 
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string theory. At sufficiently large chargon density, 
or doping, the chargons are expected to interact, 
and their hard-core character will introduce anti- 
correlations. In this regime, geometric strings 
are also expected to overlap substantially and 
modify the dispersion relation of the chargons 
to be independent of spinons, yielding spinless 
chargons. We find that the experimental results 
demonstrate consistency with these free chargons, 
in agreement with earlier theoretical work in the 
strange-metal regime (32, 38). This extension to 
the geometric string theory may be able to explain 
the deviations from experiment seen in other ob- 
servables at high doping, but additional analyses 
are required. 


Conclusions and outlook 


The string-pattern-based observables introduced 
here complement established observables such 
as correlation functions or full counting statistics. 
Across the observables considered, we find better 
agreement with experimental data between both 
the geometric-string theory and r-flux states, as 
compared to sprinkled holes. 

At intermediate doping values, we find evidence 
for hole-hole repulsion. Although signatures of 
other phases such as stripe phases, incommen- 
surate spin order, or nematic fluctuations have 
not yet been observed in this system, they are 
predicted to emerge at lower temperatures. 

The ideas presented can be extended to other 
real-space patterns—for example, patterns that 
reflect the underlying physics of other candidate 
microscopic theories for the doped Hubbard 
model. Moreover, machine learning techniques 
could be used to directly compare sets of raw 
experimental atom distributions to theoretical 
models without the need for intermediate ob- 
servables (39). This class of techniques is highly 
promising as quantum simulations of the Hubbard 
model continue to probe lower temperatures within 
the pseudogap and strange-metal phases, but can 
also be applied to spatially resolved studies of 
quenches across phase transitions (40), dynam- 
ical phase transitions (47), and higher-order scat- 
tering processes (42). Possible extensions of our 
work include systems with anisotropic spin inter- 
actions (16) or doped SU(N) spin models (43). 
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METASURFACES 


Temporal color mixing and 
dynamic beam shaping 
with silicon metasurfaces 


Aaron L. Holsteen’, Ahmet Fatih Cihan”, Mark L. Brongersma’* 


Metasurfaces offer the possibility to shape optical wavefronts with an ultracompact, 
planar form factor. However, most metasurfaces are static, and their optical functions 
are fixed after the fabrication process. Many modern optical systems require dynamic 
manipulation of light, and this is now driving the development of electrically reconfigurable 
metasurfaces. We can realize metasurfaces with fast (>10° hertz), electrically tunable pixels 
that offer complete (O- to 2) phase control and large amplitude modulation of scattered 
waves through the microelectromechanical movement of silicon antenna arrays created in 
standard silicon-on-insulator technology. Our approach can be used to realize a platform 
technology that enables low-voltage operation of pixels for temporal color mixing and 
continuous, dynamic beam steering and light focusing. 


any optical applications require active 
manipulation of light beams, including 
communication networks (7), beam steer- 
ing (2), dynamic holography, imaging, 
and sensing (3). To facilitate their high- 
speed and low-power operation, it is highly de- 
sirable to reduce the size and weight of the 
dynamic optical components in such systems. 


For example, compact, deformable lenses are 


already available that can actively be tuned with 
electrowetting (4), mechanical (5), and thermal 
(6) approaches. Despite many advances, their 
tuning speeds have been limited to a few tens 
of hertz, and such nonplanar, refractive optical 
elements still take up quite a bit of space be- 
cause of their principle of operation. Spatial light 
modulators (SLMs) using liquid crystals provide 
speeds higher by an order of magnitude. They 


are composed of a two-dimensional array of pixels 
that can locally control the phase imparted on 
light waves. This enables a greater versatility of 
dynamic optical functions, including active fo- 
cusing, steering, and holography. However, the 
use of liquid crystals results in undesirable 
polarization-dependent behavior and limited 
numerical apertures. Subwavelength control 
over the phase with a new tuning approach is 
needed to further increase functionality, opera- 
ting speed, and numerical apertures. For this 
reason, the prospect of realizing dynamic flat 
optics with mutable metasurfaces has stimulated 
a notable research effort (7-18). Tunable meta- 
surface lenses and lens-doublets have already 
been realized and typically use strain or ther- 
mal (19) tuning of the entire metasurface (10, 20) 
or mechanical movement between metasurface 
lenses (21, 22). However, these approaches are 
not amenable to achieve arbitrary optical func- 
tion, and movement of the metasurface as a 
whole tends to be slow. Ideally, one would realize 
active, individually addressable metasurface pix- 
els from tunable optical antennas capable of 
continuously changing their light-scattering 
phase by a complete 2x and offering large am- 
plitude modulation. A wide range of electrical, 
mechanical, chemical, phase-change, magnetic, and 
thermal external stimuli have been explored, but 
such performance has thus far been elusive. In 
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Fig. 1. Temporal color control from suspended silicon metasurfaces. 
(A) Schematic metasurface devices at O-V (left) and a 2.75-V (right) bias. 
(B) Finite-element mechanical simulation for a pixel size of 12 um. 

(C) Bright-field light scattering from a metasurface with 100-nm-wide 
nanowires spaced at 300 nm. (D) An active metasurface patterned with a 
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fishbone structure to realize (left) structural color tuning of a character 
(letter “S") as shown in bright-field scattering images taken at biases of 
(top) O V and (bottom) 2 V. (E and F) Temporally mixed-color spectra and 
time-averaged color spectra and pixels. The data was taken by using 
different duty cycles in the voltage modulation. Scale bars, 2 um. 
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this work, we realized such pixels by leveraging 
recent work that demonstrated broad spectral 
tuning of the structural color of individual Si 
antennas with micro-electrical mechanical sys- 
tems (MEMS) technology (23). 

In our metasurface devices, we use high-index 
silicon (Si) nanostructures. Such structures sup- 
port strong Mie-type optical resonances that af- 
ford effective local control over light scattering 
(24). When arranged in subwavelength pat- 
terns, such resonators can create flat optical 
elements that can perform optical functions that 
are not achievable with conventional glass-based 
optical components (25-27). We used Si-on- 
insulator (SOI) technology to suspend different 
Mie resonator-based metasurfaces above Si sub- 
strates to allow for mechanical tuning of various 
optical functions (Fig. 1A). Finite-element me- 
chanical simulations (COMSOL Multiphysics) show 
that the electrostatic, capacitive coupling between 
suspended array structures and Si base can be 
used to move ~100-nm-thick metasurface layers 
by hundreds of nanometers at low actuation 
voltages (Fig. 1B) (28). For a metasurface made 
from Si nanobeams (100 by 100 nm in cross sec- 
tion), one can use the coupling of the Mie reso- 
nances supported by beams and the Fabry-Pérot 
modes that exist between the substrate and the 
array to create vibrant colors in white light re- 
flection. These colors can be tuned across the 
visible spectrum (Fig. 1C and fig. S1) (29). 

Pixels with tunable structural-color patterns 
can also be created. A scanning electron micros- 
copy (SEM) image of suspended fishbone struc- 
tures with narrow, nonresonant support beams 
that hold larger Mie-resonant blocks is shown in 
Fig. 1D. These Mie resonant structures were 
designed to tune color with height and allow 
the appearance of a desired character. Tempo- 
ral color mixing can also be achieved in pixels 
with distinct resonant scattering peaks in the 
yellow and red spectral ranges (Figs. 1, E and F). 
By applying 0- and 1-V bias voltages at different 
duty cycles, color can be mixed temporally. Such 
pixels could be arrayed to realize low-power, re- 
flective displays. 

The ability to dynamically control the phase 
of scattered light further expands the possibili- 
ties for our metasurfaces. We can control the 
phase of scattered light over a broad range by 
capitalizing on the interplay between the Mie 
and Fabry-Pérot resonances supported by this 
system (Fig. 2). This point is illustrated with sim- 
ulations of the reflection phase pickup for 600-nm- 
wavelength transverse electric (TE)-polarized light 
reflected from a Si beam array with 100-nm-thick 
beams at different heights (fig. S2) (29). The Mie 
resonators can also be engineered to achieve very 
different dependencies of the reflection phase 
pickup on the resonator height. The relative scat- 
tering phase shifts for arrays with different beam 
widths can approach 2x just by moving the 
metasurface up and down above the Si substrate 
(Fig. 2B). This facilitates the design of actively 
tunable gradient metasurfaces capable of dy- 
namic wavefront shaping. For the design of such 
metasurfaces, we assume that each nanowire 
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Fabry -Pérot rN) Mie Resonances 


Fig. 2. Operational principle of suspended Si metasurfaces. (A) Resonance interaction between 
the Fabry-Pérot cavity and the nanowire Mie resonances afford spatial control over the reflection 
phase. (B) FDTD-simulated phase delay of TE-polarized light scattered from a suspended 
nanowire array with a periodicity of 300 nm and thickness of 100 nm relative to an array with 
80-nm widths. (C) Schematic of an individual device at (top) 600 nm and (bottom) 430 nm 

array heights above the substrate, showing the scattered wave redirection akin to phased antenna 
arrays. (D) SEM of an entire beam-steering device. (E to G) Close ups of nanowire array designed 
to realize (E) beam steering, (F) a concave lens, and (G) a convex lens. Scale bars, 1 um. 


in a metasurface serves as an individual antenna 
whose height above the surface controls the local 
scattering phase of light. In this case, the real- 
ization of the metasurfaces with a gradient in 
their beam width affords continuous and active 
steering as the height of a metasurface is raised 
or lowered uniformly. 

Shown in Fig. 2C is a schematic of a device 
composed of a periodic nanowire array with a 
thickness of 100 nm and widths linearly graded 
from 80 to 160 nm. This device can continuously 
steer 600 nm light with an electrical bias of a few 
volts (Fig. 3). Both beam steering and tunable 
cylindrical lenses can be made with width-graded 
metasurface gratings (Fig. 2, D to G). 

Shown in Fig. 3, A and B, is the beam steering 
performance of light scattered from the active 
metasurface device shown in Fig. 2D. In order to 
remove the direct reflection from the substrate, 
we used crossed polarizers to examine light scat- 
tered from the active metasurface (fig. S3) (29). 
When this device is illuminated with 600-nm 
light, the diffracted beam can continuously be 
redirected from 2° to 12° off the sample normal 
by applying a bias of up to 3.2 V. The confocally 
collected beam profile immediately above the 
device is illustrated in Fig. 3C, clearly showing 
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the tilt in the reflected light beam with applied 
bias. Fourier imaging of the far-field light scatter- 
ing shows the steering performance in angular 
space (Fig. 3D). Smaller pixels with a steeper phase 
progression can be made within a single 100-nm 
SOI layer to achieve larger steering angles, al- 
though we find continuous beam steering re- 
quires 12 or more nanobeams (fig. S4) (29). 
The possible application of dynamic metasur- 
faces critically depends on the achievable speeds. 
The response times of MEMS-based devices are 
generally dependent on the stiffness and mass of 
the suspended structure. For our metasurfaces, 
there are trade-offs between the achievable re- 
sponse time, the actuation distance, and driving 
voltage. To quantify the speed, we modulated the 
height of our metasurfaces with a sinusoidal bias 
and measured the ratio of the scattered power 
between the maximum and minimum deflec- 
tion peaks (Fig. 3D). In a frequency sweep, the 
fundamental mode resonance of a typical meta- 
surface device at 400 kHz is clearly visible (Fig. 
3E). This frequency is consistent with the funda- 
mental mechanical resonance mode as obtained 
through numerical simulation (fig. $5) (29). This 
demonstrates that these active metasurfaces can 
be operated in ambient conditions up to 1 MHz 
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Fig. 3. Beam steering from suspended Si metasurfaces. (A) Measured 
intensity and beam steering from an active metasurface nanowire 

array. The error bars indicate the full width at half maximum of the 
beam steering shown in (B) the polar representation of the steered 

light collected in the Fourier plane. (C) Intensity profiles for the 
continuously steered beam above the active metasurface nanowire 
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Fig. 4. Tunable light focusing from suspended Si metasurfaces. 

(A) Spatial arrangement of the nanowire widths in the concave (red) 
and convex (blue) active metasurface lenses. (B) Simulated relative 
scattering phase from the concave active metasurface lens at various 
heights with overlaid hyperbolic phase profiles corresponding to various 
lens focal lengths. (©) Schematic of metasurface lens showing the 


and have response times suitable for display ap- 
plications, light detection and ranging (LIDAR), 
and optical switching for global optical intercon- 
nects (30). These devices are known to be very 
robust against cycling fatigue (37), and we have 
run these devices for more than 10° cycles with- 
out noticeable degradation. The experimental 
setups for measuring the beam steering per- 
formance of the light scattered from the active 
metasurface are provided in fig. S3, A to C. 
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To demonstrate the flexibility in realizing dif- 
ferent, dynamically tunable phase profiles, we 
also realized tunable lenses. By linearly grading 
the beam widths of a metasurface from 80 to 
160 nm, the phase profile of a cylindrical lens can 
be generated. Both concave and convex lenses 
can be realized, depending on whether the beam 
width increases or decreases size toward center 
of the optical element (Fig. 4A). An easily achie- 
vable 300-nm spacing results in a 40-um focal 


19 July 2019 


array. Scale bars, 3 um. (D) Fourier images of the beam steering showing 
the angular deflection of the beam from the surface normal shown at 

the origin. Scale bar, 8°. (E) The frequency response of the beam 
steering device showing (red) the power ratio of light steered off the 
peak intensity point at O V and (blue) the relative phase between 

the output modulation and input driving voltage. 


0.8 V 1V 


cross-sectional plane used in (D) and (F). (D and F) Cross sections 
along the y-z plane of the measured intensity above the (D) concave 
and (F) convex tunable active metasurface lenses. (E) Integrated 
intensity of the focal profiles along the z axis for the concave lens. 
(G) Angular scattering captured in the Fourier plane for the convex 
lens. Scale bars, 5 um. 
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length f Shown in Fig. 4, B and C, are the achie- 
vable hyperbolic phase profiles along the y di- 
rection given by o(y) =n+ 3% (f-Vy? +f) for 
various focal lengths f- Finite time domain 
(FDTD)-simulated scattering phases from the 
device at various suspended heights show that 
the lens can easily accommodate changes in focal 
length of several tens of micrometers (Fig. 4B). 
When the intensity of 600 nm scattered light 
immediately above the active metasurface device 
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is measured with confocal microscopy, the focal | 3. 
profile from the tunable lens is evident. The lens 
focal length can be tuned experimentally from 26 
to 5 um by applying a bias of up to 2.2 Vina | 5, 
fabricated device (Fig. 4, D and E). If a convex 6. 
phase profile is designed into the lens, light 
defocusing can be realized (Fig. 4, F and G). The 
far-field Fourier images captured from this de- | 3 
vice show that a normally reflected beam can be | 9. 
swept out to two side lobes peaked at scattering 
angles +6° off the device normal. The light focus- 
ing results closely match the FDTD simulations 1 
for the performance of these tunable lenses 
(fig. S6) (29). 2. 

We have demonstrated that a mechanical 
degree of freedom can effectively be used to 4 
create a wide range of dynamically tunable op- 5. 
tical functions. Key to achieving these functions 
is broad spectral, amplitude, and phase control 
over the scattered light with subwavelength spa- 7 
tial control. The compactness of the metasurface 8. 
pixels also affords operation of these devices 9. 


at speeds of up to 1 MHz. This makes their use 
viable for a range of emerging imaging, display, 29 
and remote sensing applications. 23. 

24. 
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Millennial storage of 


near-Moho magma 


Euan J. F. Mutch*, John Maclennan, Tim J. B. Holland, Iris Buisman 


The lower crust plays a critical role in the processing of mantle melts and the triggering 
of volcanic eruptions by supply of magma from greater depth. Our understanding of the 
deeper parts of magmatic systems is obscured by overprinting of deep signals by shallow 
processes. We provide a direct estimate of magma residence time in basaltic systems 

of the deep crust by studying ultramafic nodules from the Borgarhraun eruption in Iceland. 
Modeling of chromium—aluminum interdiffusion in spinel crystals provides a record of 
long-term magmatic storage on the order of 1000 years. This places firm constraints on 
the total crustal residence time of mantle-derived magmas and has important implications 
for modeling the growth and evolution of transcrustal magmatic systems. 


nderstanding the temporal evolution of 
magmatic systems from micrometer to 
crustal scales has become a major focus in 
volcanology (1), driven by important ad- 
vances in the use of crystal chemistry as 
a magmatic chronometer (2, 3). Compositional 
zonation in volcanic crystals has been integrated 
with diffusion models to show that the time 
scales of days to years preserved in the crystal 
record can be linked directly to volcanic moni- 
toring data (4-7). These short time scales are 
conceptually linked to magma mixing, remobi- 
lization of crystal mush, and magma rise from 
storage regions before eruption. However, the 
time scales of magma storage and the behavior 
of magma plumbing systems during periods of 


Fig. 1. Disequilibrium in cumulate 
nodules from beneath the Icelandic 
Moho. (A and C) Aluminum maps 

of Borgarhraun wehrlitic nodules 

with poikilitic texture and (B and 

D) accompanying plots that show 
spinel core Cr# compositions with 
respect to their measured width. Al 
maps are colored based on phase: 
yellow-gray corresponds to Cr spinel 
(Sp), red corresponds to clinopyroxene 
(Cpx), black corresponds to olivine (Ol), and 
gray corresponds to glass (Gl). The black 
curves are 3D spherical spinel diffusion 
models (modeled at 1215°C) conducted for 
different crystal radii and diffusion time 
scales (years). Error bars correspond 

to the standard deviation of multiple 
compositions sampled from each spinel 
core. (A) and (B) correspond to sample 
BORG_NOD1_N3 and (C) and (D) to 
BORG_NOD3_N2. 
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apparent quiescence are not well understood. 
Estimates of magma and mineral residence times 
in the crust have ranged from 10° to 10” years (8). 
Parsing these time scales into different crustal 
levels has proven difficult but is key to under- 
standing transcrustal magmatic systems. Stor- 
age time scales in shallow silicic systems can 
span the aforementioned range in near-solidus 
conditions of cold storage (8, 9) or in an eruptible 
high-melt-fraction state (70). By contrast, little 
is known about storage times in the mafic sys- 
tems that dominate magmatism at mid-ocean 
ridges, ocean islands, and in the deeper part of 
arc volcanoes. Direct storage times in the lower 
crust are notoriously difficult to estimate by 
diffusion chronometry as shallow and mid-crustal 


Low Al High Al 
EERRORGOO BRRGRRRBEDOo 
Ol Cpx Melt Spinel 


Core Cr # 


Core Cr # 


processing obscure lower-crustal signals through 
crystal equilibration and resorption. We estimate 
magma residence time in the lower crust by ap- 
plying diffusion chronometry to observations of 
Cr number (Cr#) [Cr# = Cr/(Al + Cr)] zoning in 
spinels contained in ultramafic nodules from the 
Borgarhraun eruption in Iceland. This eruption 
provides constraints on magmatic processes op- 
erating close to the crust-mantle boundary, called 
the Moho. 

Borgarhraun is an early postglacial (10.5 to 
7 thousand years before the present) primitive 
basalt flow from the Theistareykir System in the 
Northern Volcanic Zone of Iceland (11). Geother- 
mobarometry and melt inclusion studies have 
shown that the magma crystallized near the Moho 
(depth ~24 km) from a compositionally diverse 
set of primary mantle melts (1/-13). Fresh tephra 
from this eruption contains primitive crystals of 
olivine (Fog7_92, where Fo is forsterite content in 
mol. %), clinopyroxene, Cr spinel, and plagioclase 
(ANgo_g0, Where An is anorthite content in mol. %). 
Mafic and ultramafic cumulate nodules are abun- 
dant with textural characteristics typical of storage 
and maturation in a crystal mush, such as grain 
rounding and curved crystal edges (74). Wehrlitic 
nodules show olivine and Cr spinel crystals enclosed 
in clinopyroxene (Fig. 1), a feature observed in 
mafic plutonic rocks from layered intrusions (14), 
oceanic sections (75), and ophiolites (76). The 
clinopyroxene-hosted olivine and spinel crystals 
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are associated with small melt pockets (Fig. 1) 
and are surrounded by thin layers of melt (~2 to 
10 um thick). We measured spinel widths of 20 to 
600 um. Spinels with widths below 200 um have 
homogeneous Cr# contents that vary between 


Fig. 2. Timing diffu- 
sive equilibration 

of Borgarhraun spi- 
nel crystals. (A and 
C) 1D Cr# profiles 
measured by electron 
microprobe micro- 
analysis across 
Borgarhraun spinels. 
Blue curves show the 
modeled 1D fit from 
the 2D finite element 
diffusion model 
(insets). Dashed lines 
are model initial 
conditions. The error 
bars are lo standard 
deviations based 

on analytical uncer- 
tainties. (B and 

D) Temperature-time 
density plots for 
posterior distributions 
from the Bayesian 
inversion. The quoted 
time is the median 
with lo uncertainties. 
(A) and (B) corre- 
spond to profile 
BORG_ 
NOD1_N3_SP1_P1 and 
(C) and (D) to BORG_ 


Cr# 


0 50 


Cr# 


NOD3_N2_SP1_P1. 0 20 40 = 60 


Fig. 3. Storage time estimates of near-Moho 
magma. Cumulative frequency distributions 
showing the magma storage time estimates 
from the Bayesian inversion. Gray lines are 
distributions obtained by modeling individual 
spinel crystals. The black line is the cumulative 
frequency distribution of all of the modeled 
spinel crystals. The dashed blue line and 

the blue arrow are the minimum and the range 
of possible residence times based on Mg equil- 
ibration in plagioclase at 1215°C, respectively. 
The light-green region represents mush 
residence times based on bulk 3D spherical 
diffusion models shown in Fig. 1. 


different nodules. Crystals larger than 200 um 
are compositionally zoned with rims similar in 
composition to the small spinels and cores of 
higher Cr#. The Cr# of these spinel cores scales 
with spinel size (Fig. 1). The eradication of com- 


0.4095 


positional heterogeneity in the smaller spinels 
and the preservation of zonation in the larger 
spinels are likely to be controlled by a diffusive 
process. Smaller crystals completely equilibrated 
with their local environment, whereas larger 
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crystals preserved higher Cr# core compositions 
in a state of disequilibrium. We observed this 
effect in a large population of spinels (~100) 
across seven different nodules, which rules out 
the role of sectioning effects (figs. S1 and S2). 
We expect the crystallization of the spinels 
and the surrounding clinopyroxene to take place 
within 1 year of magma emplacement (17). We 
used thermodynamic modeling to account for 
the spinel Cr# compositions by equilibration over 


a cooling interval of ~75°C (figs. S3 and S4), 
similar to the crystallization interval of the 
Borgarhraun olivines (1350 to 1215°C) (18). The 
spinels were initially encased in clinopyroxene 
at a high temperature and subsequently equil- 
ibrated with the surrounding melt pockets 
and grain-boundary films following cooling to 
a lower temperature (1215°C) (fig. S5). We infer 
very little deformation of the spinels as they 
retained their equidimensional forms, which pre- 
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Fig. 4. Crystal residence times and storage depths for magmatic systems from different 
tectonic settings. Shaded boxes represent the range of storage depth (normalized to the Moho) 
and residence time scale estimates made for individual volcanoes or volcanic systems. Time scale 
estimates for all eruptions except for Borgarhraun used U-series disequilibria, with residence 
times being calculated by using the difference between crystallization age and eruption age. The 
color of the box edges corresponds to the average SiO» content of the whole rock sample used in 
the time scale estimates. The color of the symbols corresponds to the tectonic setting. Data and 


references are in table S4. kyr, thousand years. 
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cludes stress-directed lattice diffusion of Cr and 
Al to create the concentric zoning patterns that 
we observed (19). 

We cannot resolve the geometry, extent, and 
interconnectivity of the melt network from 
two-dimensional (2D) sections of the nodules. 
However, previous studies have suggested melt 
pockets and interconnected grain-boundary liq- 
uid films play an important role in the final 
stages of crystallization of large mafic intrusions 
(14, 20). The melt networks may also have been 
more extensive before clinopyroxene crystal- 
lization, given the important role of the liquid 
in mush homogenization (2/7). The composition 
(e.g., Mg# and Cr#) of the melt pockets adjacent 
to the spinel crystals was different from that of 
the final carrier liquid (fig. $6), which sug- 
gests that these melt networks were isolated 
from the open magma body. The variability in 
spinel Cr# between different nodules high- 
lights heterogeneity in the mush and the de- 
velopment of microenvironments for spinel 
equilibration. 

We used the FEniCS (22) finite element code 
to model 2D diffusion of Cr-Al exchange in spi- 
nels, combined with a nested sampling Bayesian 
inversion (23) to constrain the timescales of mush 
storage with robust estimates of uncertainty. 
We derived diffusivity equations for Cr-Al ex- 
change in Cr spinel that take into account the 
covariance between the underlying diffusive pa- 
rameters (24, 25) (figs. S7 and S8 and table S1). 
We ran the models using Gaussian prior distri- 
butions with lo uncertainties for temperature 
(1215 + 30°C), pressure (0.8 + 0.14 GPa) (12, 18), 
and ferric iron contents (Fe**/Fe;ota) of the 
system (0.14 + 0.02) (26). We used a multivariate 
Gaussian prior distribution for the parameters 
of the Cr-Al interdiffusion coefficient as con- 
strained by its covariance matrix (table S2). We 
used the equilibration temperature of spinel rim 
compositions (1215°C) that corresponded to a 
cooler crystal mush. We assumed the same initial 
core Cr# of 0.41 for all crystals on the basis of the 
largest measurable spinel that was most likely 
to retain its original core composition (Fig. 2). 
This provided us with a maximum estimate of 
the storage time scale. 

We applied our Bayesian inversion to seven 
spinel crystals (figs. S9 to S19 and table S3) from 
three different nodules that converged to magma 
storage time scales with a median of 1400 years, 
with 95% of timescales being less than 4100 years 
(Fig. 3). These storage time scales we determined 
agreed with 3D spherical spinel diffusion models 
we conducted at 1215°C for different crystal radii 
to assess the time scales of diffusive equilibration 
for spinels of different sizes (Fig. 1). The Mg com- 
positions of Borgarhraun plagioclase macro- 
cryst cores have equilibrated with the mush 
conditions (figs. S20 to S31). This means the 
coarsest of these crystals (1200-um radius) re- 
quired ~570 years of storage, assuming 3D dif- 
fusion in a spherical crystal at 1215°C and a core 
composition of Ango (fig. S32). The time scale of 
Mg in plagioclase equilibration provides a mini- 
mum estimate of the storage time, consistent 
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with our spinel models that require hundreds to 
thousands of years of storage. 

238T.2°Th and °°Ra-°°Th crystal residence 
ages from diverse tectonic settings range from 
10” to 10° years (Fig. 4) (8). Discrepancies between 
these estimates and thermally activated diffusion 
time scales show that magmatic crystals may 
have complex and protracted histories through- 
out the crust that are largely independent of the 
melts that formed them and carried them to the 
surface for eruption (8). This highlights the dif- 
ficulty in unpicking individual segments of mag- 
matic evolution from bulk crystal ages integrated 
over zoned crystal populations. Overall, crystal 
residence time scales in basaltic systems have pre- 
viously been estimated as hundreds to thousands 
of years by combining oxygen diffusion durations 
with U-series observations (27, 28), but these mea- 
surements do not provide a spatial context for the 
depth of magma residence. In contrast, textural 
and petrological constraints from Borgarhraun 
unambiguously link the diffusion time scale with 
near-Moho storage. Olivine-hosted melt inclu- 
sions link the crystal cargo to the carrier liquid 
by concurrent mixing and crystallization (11), 
meaning our results can be interpreted as mag- 
matic storage times. Our diffusion chronome- 
try approach therefore provides an opportunity 
for relative high temporal and spatial resolution 
of magmatic storage times in mafic lower-crustal 
systems (Fig. 4). 

Our storage time estimate for basaltic mushes 
in the lower crust have implications for under- 
standing the time scale of magma transfer through 
the entire crustal column at a range of tectonic 
settings. This includes not only mid-ocean ridges 
and ocean islands (e.g., Iceland and Hawaii) but 
also oceanic and continental arc settings, where 
the lower crust is dominated by mafic and ultra- 
mafic magmatism, as shown by exposed crustal 
sections (e.g., the Kohistan arc in Pakistan) (29), 
primitive erupted products (5, 30), and geophys- 
ical observations (37). There are no direct con- 
straints on the magmatic storage times in the 
lower crust of arcs. We therefore propose that 
our results provide an initial guide to expected 
near-Moho storage times in other mafic systems. 
For ocean island settings, our results indicate 
that primary magma can be stored near the Moho 
for thousands of years after initial mixing and 
crystallization (17). These magmas are rapidly 
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transported over days to the mid- or shallow crust 
(7), where there is further long-term storage and 
magma processing (27, 28). This impacts our un- 
derstanding of mantle melt transport, which is 
based on ?*°Ra excesses, and may lead to down- 
ward revision of melting region porosities when 
millennial storage of magma in the crust is con- 
sidered (32). 

Crystal storage in shallow, silicic arc systems 
can take place over time scales of up to 10” years, 
which is likely related to different thermal (J) 
and rheological properties when compared with 
basaltic systems. If the shorter processing times 
we have found apply to arc systems, then the 
upper crust may be episodically supplied with 
relatively young magma batches from the lower 
mafic crust (Fig. 4). The shorter crystal and mag- 
ma storage times in the lower crust might re- 
concile differences between melt production rates 
in the mantle and the frequency of large silicic 
eruptions (7). In each tectonic setting, punctu- 
ated magma storage and rapid transport is likely 
a prominent feature. Although packets of magma 
fresh from the mantle melting region could take 
thousands of years to traverse the crust, storage 
could accommodate most of this time. This style 
of magma transfer will play a major role in the 
movement of heat and volatiles through the crust 
and controlling the connection between deep and 
surface geochemical reservoirs, such as the mantle 
and atmosphere. 
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Reconfigurable ferromagnetic 


liquid droplets 


Xubo Liu”, Noah Kent”*, Alejandro Ceballos*, Robert Streubel”, Yufeng Jiang”, 
Yu Chai?***°, Paul Y. Kim?, Joe Forth”, Frances Hellman”’’, Shaowei Shi’, 
Dong Wang’*, Brett A. Helms”®, Paul D. Ashby””®, 


Peter Fischer”’?, Thomas P. Russell”®?°* 


Solid ferromagnetic materials are rigid in shape and cannot be reconfigured. Ferrofluids, 
although reconfigurable, are paramagnetic at room temperature and lose their 
magnetization when the applied magnetic field is removed. Here, we show a reversible 
paramagnetic-to-ferromagnetic transformation of ferrofluid droplets by the jamming of a 
monolayer of magnetic nanoparticles assembled at the water-oil interface. These 
ferromagnetic liquid droplets exhibit a finite coercivity and remanent magnetization. They 
can be easily reconfigured into different shapes while preserving the magnetic properties 
of solid ferromagnets with classic north-south dipole interactions. Their translational 
and rotational motions can be actuated remotely and precisely by an external magnetic 
field, inspiring studies on active matter, energy-dissipative assemblies, and programmable 


liquid constructs. 


erromagnetic materials are generally solids 

with a fixed shape. Reconfigurable magnet- 

ic materials are known, such as ferroflu- 

ids [dispersions of magnetic nanoparticles 

(MNPs) in carrier fluids], but they are para- 
magnetic and lose magnetization once the exter- 
nal magnetic field is removed (/, 2). Ferrofluids 
exhibit interesting properties and have found 
use, for example, as magnetic seals, but their 
inability to retain magnetization limits their 
broader application. The transformation of a 
ferrofluid into a ferromagnetic material can 
be realized by lowering the temperature or in- 
creasing the viscosity, at which Brownian mo- 
tion of the MNPs is suppressed. Here, we show 
a simple means to effect this transformation by 
the in situ formation and interfacial jamming of 
MNP-surfactants. 

We immersed an aqueous dispersion of car- 
boxylated 22-nm-diameter MNPs (Fe304-CO2H) 
in a solution of amine-modified polyhedral oligo- 
meric silsesquioxane (POSS-NH,) in toluene. The 
POSS-NHag, itself a surfactant, assembles at the 
interface and electrostatically interacts with 
the MNPs, anchoring a well-defined number of 
POSS-NH, to the MNPs, converting the MNPs 
into MNP-surfactants. When the droplet shape 
changes, the interfacial area increases, and addi- 
tional MNP-surfactants form and assemble at the 
interface. The droplet proceeds to reshape itself to 
minimize the interfacial area and, thereby, the free 
energy of the system, but the MNP-surfactants 


are compressed and jam, locking in the deformed 
shape (3, 4) while remaining magnetized even 
without an external field. 

Magnetic hysteresis loops of Fe;04-CO>H ferro- 
fluid droplets (Fig. 1A), measured by a vibrating 
sample magnetometer, show a saturation mag- 
netization (/,) that depends on the total number 
of MNPs in the droplets, as well as a vanishing 
coercive field (H,) and remanent magnetization 
(M,). By adding POSS-NHj ligands to the toluene, 
MNP-surfactants form at the interface. Increas- 
ing the concentration of the MNPs in the droplet 
or decreasing pH increases the coverage of the 
interface by MNP-surfactants, reducing the inter- 
facial tension (fig. S1, A and B). With sufficient 
surface coverage, the MNP-surfactants jam, and 
the ferrofluid droplet transforms into a ferro- 
magnetic liquid droplet. The magnetic hystere- 
sis loops of identical ferrofluid droplets with and 
without the jammed interfacial assemblies of 
MNP-surfactants are shown in Fig. 1A. For both, 
M, is the same because the total number of 
MNPs is identical, but VM, ~1.89 x 10° A m? and 
H.~7.2kAm‘" for the ferromagnetic liquid drop- 
let, demonstrating their ferromagnetic character. 
The jammed, interfacial assemblies of the MNP- 
surfactants are disordered and have a mechan- 
ical rigidity that suppresses thermal fluctuations 
characteristic of isolated MNPs. The jammed 
MNPs no longer freely rotate. The spatial separa- 
tion between adjacent MNP-surfactants is <5 nm, 
which, combined with the orientation of the di- 


pole magnetization in the MNPs, enhances the 
thermal stability of the magnetization and trans- 
forms the droplet surface into a ferromagnetic 
layer, similar to a fixed assembly of MNPs (5, 6). 
When the field is removed, the moment of the 
ferromagnetic liquid droplet remains until the 
droplet is exposed to a field exceeding the switch- 
ing field, whereupon the droplet is remagne- 
tized. Reshaping the droplet by other external 
fields or reducing the binding energy of the MNP- 
surfactants will also unjam the MNP-surfactants 
(M, and H, vanish), providing further routes to 
control the magnetization. This ability to manip- 
ulate the magnetization further distinguishes ferro- 
magnetic liquid droplets from ferrofluids and 
common ferromagnetic materials. 

Ifthe MNP-surfactant assembly is not jammed, 
no hysteresis is observed (Fig. 1B). To produce 
droplets with an unjammed assembly, the sur- 
face coverage of the droplets with the MNP- 
surfactants is varied from ~’7 to ~20% (fig. SIC) by 
changing the concentrations of the MNPs and 
POSS-NH, and the pH. In Fig. 1B, variations 
in M, arise from differences in the total num- 
ber of MNPs in each droplet. With full MNP- 
surfactant coverage—for example, single droplets 
of [Fe,04,-CO.H MNPs] = 0.5 g Lat pH 4.5 in 
toluene containing [POSS-NH,] = 1.0 g L’'—the 
interfacial assembly jams, and a typical ferro- 
magnetic hysteresis loop is seen (Fig. 1C). Hys- 
teresis loops were measured for single droplets 
with different volumes, and the same droplets 
sonicated into numerous smaller droplets. This 
preserves the total volume (summed over all 
droplets) of the MNP dispersions but increases 
the surface-to-volume ratio (S/V) by two orders 
of magnitude (fig. S2D). M, and M, scale linearly 
with the total volume (total number of MNPs), 
whereas H, remains constant (Fig. 1C). For a 
given total volume, M, is independent of S/V 
with largely varying droplet sizes. The mean 
separation distance between the dispersed MNPs 
is ~350 nm, too large for dipolar coupling. For 
comparison, discs that are 100 nm in diameter 
and 10 nm thick and have much larger satura- 
tion magnetizations are completely uncorre- 
lated when the separation distance is >60 nm 
(7). The MNPs dispersed in the droplet freely 
diffuse, yet a strong coupling and correlation 
of the dispersed MNPs to those jammed at 
the interface is evident, and the liquid droplets 
behave like solid magnets. Furthermore, the 
ratio of M,/M, for the ferromagnetic liquid 
droplets is 0.25, independent of droplet vol- 
ume, which is the same as that for frozen 
ferrofluids at 4.5 K and fixed assemblies of 
Fe,;04 MNPs (8-10). Consequently, ferromag- 
netic liquid droplets have a similar energy bar- 
rier to overcome during magnetization reversal 
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as their frozen or solid counterparts. Therefore, 
ferromagnetic liquid droplets have the magnetic 
properties of a solid. 

All-liquid printing (71-73) and microfluidics 
(14) were used to produce ferromagnetic liq- 
uid cylinders with a 2:1 aspect ratio (fig. S3). 
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A nonmagnetized ferromagnetic liquid cylin- 
der was transferred to a toluene/CCl, density 
gradient in which the cylinder descended un- 
til buoyant (fig. S4, A and B). The axis of the 
cylinder and an insulated solenoid were aligned 
(Fig. 2A), and a magnetic field of 1 to ~2kAm™ 
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(Fig. 2B) applied to the solenoid pulled the 
ferromagnetic liquid cylinder into the solenoid. 
The cylinder reached the solenoid in 30 s at a 
speed of ~1.1x 10°* ms ‘and stopped after fully 
entering the solenoid because of the absence of 
drag forces. 


Fig. 1. Tunable transformation of a para- 
magnetic FF into an FLD by the inter- 
facial jamming of MNP-surfactants. 

(A) Magnetic hysteresis loops of droplets 
with (red line) and without (black line) an 
interfacial layer of jammed MNP-surfactants 
measured with a vibrating sample magne- 
tometer. Two schematics of aqueous 

FF and FLD, containing Fez04,-CO2H MNPs 
(0.5 gL?) at pH 4.5, immersed in toluene 
without and with POSS-NHo ligands 

(1.0 g L”). (B) Hysteresis loops of individual 
5-uL aqueous droplets, with 0.5 g L+ and 
0.05 g L™ of Fes304-CO2H MNPs at different 
pH, immersed in 0.01 g L™ ligand solution. 
Surface coverage (SC) of droplets is 

~7 to ~20% where MNPS assemblies are not 
jammed. (C) Hysteresis loops of single, 
jammed aqueous droplets with 0.5 g L7? of 
MNPs at pH 4.5 immersed ina 1.0 gL? 
solution of POSS-NHz in toluene and 
hysteresis loops of the same system after 
being sonicated (figs. Sl and S2). (D) M, and 
M, of the droplets as a function of droplet 
volume. In the inset, the remanence ratio 
M,/Mg as a function of initial droplet volume 
(single droplet or droplet sonicated 

into multiple smaller droplets) remains 
constant at ~0.25. FF, ferrofluid; 

FLD, ferromagnetic liquid droplet. 


Fig. 2. Manipulating FLDs with magnetic 
dipole interactions. (A) A magnetized 
liquid cylinder is attracted by a magnetic 
field gradient, generated by the aluminum 
solenoid. (B) Displacement as a function of 
time for fresh, nonmagnetized liquid cylinder 
(black arrow), magnetized liquid cylinder 
with north pole facing the coil (red arrow), 
and magnetized liquid bar with south 

pole facing the coil (blue arrow). The 
ultimate velocity is determined by the field 
gradient and magnetic moment. The arrows 
indicate the orientation of the cylinder 
relative to the initial orientation. (C) Dipole 
interactions, N-S attraction, N-N and 

S-S repulsion, between two magnetized 
liquid cylinders. Scale bars, 2 mm. 
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Fig. 3. Top view of deforming an FLD. (A) Reshaping spherical droplet into the cylinder by 
mechanically molding it with the glass capillary channel. (B) Droplets of different aspect ratios 
can be formed by using droplets with different volumes. (C) Reconfiguration of interfacial 
jamming and unjamming of MNP-surfactants by tuning the pH (for example, 4.5 and 9, 
respectively) of aqueous solution in the FLD cylinder. Scale bars, 1 mm. 


The displacement, Ad (in units of the droplet 
length, L), allows comparison of different ferro- 
magnetic liquid cylinders because the drag force 
varies linearly with length, which for a fixed 
cylinder radius corresponds to the volume and 
M,. Figure 2A shows the location and direction 
of the magnetic moment of the ferromagnetic 
liquid cylinder. The cylinder, magnetized only by 
the solenoid, moved inside the solenoid (movie 
$1). This ferromagnetic liquid cylinder (now mag- 
netized) was repositioned outside the solenoid, 
preserving the south-north (S-N) pole orienta- 
tion. With the same solenoid magnetic field 
strength (1 to ~2 kA m), the cylinder now ac- 
celerates to the solenoid (Fig. 2B and movie S82). 
By reversing the field direction of the solenoid 
(movie S3), the magnetic moment of the ferro- 
magnetic liquid cylinder and the solenoid field 
are in antiparallel alignment and should repel 
each other. However, initially a slight attraction 
is seen because of the free MNPs in the cylinder 
core; then, the cylinder rotates, aligning the 
moment of the jammed MNP-surfactants with 
the solenoid field, and is drawn into the solenoid 
(Fig. 2B). Considering the low velocity (Umax ~1.1 x 
10 *ms ‘) and corresponding low Reynolds num- 
ber (Re ~0.16), the velocity of the ferromagnetic 
liquid cylinders can be expressed approximately 
as a function of time: u(t) = C44 (1— ePt/m), 
where Cis a dimensionless constant based on 
Re and the shape of a liquid droplet, a is the ac- 
celeration from the drag force (a = Fy / m),m 
is the mass, and 0 is the coefficient of viscous 
friction. The constant velocity at longer times, 
independent of the initial magnetization config- 
uration (Fig. 2B), implies a constant solenoid 
field gradient (due to the same M,). Deviations 
from the linear relation in the early stage origi- 
nate from viscous drag, the varying field gradi- 
ent outside the solenoid, and the distinct initial 
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magnetization configuration of the cylinder. Con- 
sequently, ferromagnetic liquid cylinders be- 
have like solid magnets with N-N, S-S, and N-S 
dipole interactions. Figure 2C shows that mag- 
netized liquid cylinders, initially separated by 
1 mm, attract each other by such N-S dipole 
interactions (movie S4). 

A distinguishing feature of the ferromagnetic 
liquid droplets is reconfigurability. A 3-uL spheri- 
cal ferromagnetic liquid droplet (1.4-mm diameter) 
was drawn into a 1-mm-diameter glass capillary 
and then rapidly (after several seconds) ejected 
(Fig. 3, A and B, and movie S5). This transformed 
the spherical droplet into a cylinder (aspect ratio 
of 3:1). The interfacial area increased by 2.5 times, 
allowing more MNP-surfactants to form and 
jam, preserving the cylindrical shape. The ferro- 
magnetic liquid droplet retained its ferromag- 
netic character, as evidenced by the rotation 
(~0.6 rad s”) in response to a rotating perma- 
nent magnetic field. The cylinder rotation is 
slightly less than that of the spherical droplet 
(~0.8 rad s”') because of the higher viscous drag 
force on the cylinder. The shape change can 
be reversed by tuning the binding energy, as 
shown in Fig. 3C, in which the pH was in- 
creased from 4.5 to 9, allowing the MNP- 
surfactants to unjam and the droplet shape 
to revert to spherical. Magnetization is lost, 
but by decreasing the pH, the MNP-surfactants 
rejam and the droplet transforms back to a 
ferromagnetic liquid droplet. Thus, the shape 
and magnetic state of the ferromagnetic liquid 
droplets are responsive. 

The necessity of the magnetic coupling be- 
tween the interfacially jammed MNP-surfactants 
and the dispersed MNPs to generate ferromag- 
netic liquid droplets is shown by changing the 
nature of the jammed interfacial assembly. Two 
sets of ferrofluid droplets at a pH of 4.5 were 


placed in a mixture of toluene and tetrachloride 
carbon of equal density containing POSS-NH» 
ligands: (i) ferrofluid droplets with carboxyl- 
functionalized 30-nm (22-nm core) Fe;0, MNPs 
(0.5 g L’') that form ferromagnetic liquid drop- 
lets and (ii) a mixture of nonmagnetic sodium 
carboxymethyl cellulose (CMC-CO,Na) (0.5 gL) 
with 30-nm Fe,0,-polyethylene glycol (PEG) 
(nonfunctionalized) MNPs (0.5 g L”), in which 
only the CMC interacts with the POSS-NHp. In 
both, nanoparticles jam at the interface (Fig. 
4A), but in the first case they are ferromagnetic, 
whereas in the latter they are not ferromagnetic. 
Ferrofluid droplets of only PEG-functionalized 
Fe,0, MNPs (0.5 g L”) were also placed in the 
oil. The total number of MNPs in all the drop- 
lets was constant. A bar magnet attracts all 
droplets (Fig. 4A) because all droplets have a 
ferromagnetic core, but the ferromagnetic liquid 
droplets are attracted much more strongly (Fig. 
4A and movie S6). As shown in Fig. 4B, using a 
rotating magnet, the spherical ferromagnetic 
liquids rotate, whereas the unjammed ferrofluid 
and CMC-jammed ferrofluid droplets do not. The 
ferromagnetic liquid droplets are also attracted 
to the center of the magnet, and a dynamically 
stable pattern forms, balancing a hydrodynamic 
repulsion against a magnetic attraction, similar 
to that observed for elastomer discs (15, 16) or 
ferrofluids (77, 18) containing MNPs. Similar be- 
havior is seen with ferromagnetic liquid cylinders 
in which the vortex flow in the oil is visualized 
with an oil-soluble dye (Fig. 4C and movie S7). 
The separation distance between the ferromag- 
netic liquid droplets depends on the rotation 
velocity (fig. S5 and movie S8), as expected. The 
entire patterned assembly of droplets also rotates 
in response to the rotating field. Upon stopping 
the rotating magnet, the ferromagnetic liquid 
cylinders align along the external field direction 
(movie S9). Absent of a dipole moment, the drop- 
lets with and without the jammed CMC mono- 
layer do not spin and move only in a Brownian 
manner (movie S10). Therefore, the ferromag- 
netic liquid droplets can be easily separated, 
rotated in a controlled manner, and patterned 
(shown in Fig. 4B), affording a simple strategy 
for sorting and spatially arranging the ferromag- 
netic liquid droplets. 

In conclusion, we have demonstrated the trans- 
formation of a ferrofluid to a ferromagnetic liquid 
droplet by the interfacial jamming and magneti- 
zation of MNP-surfactants. Ferromagnetic liquid 
droplets have the fluid characteristics of liquids 
but the magnetic properties of solids. They can 
be reconfigured while preserving their mag- 
netic properties, and the attractive/repulsive 
interactions between ferromagnetic liquid drop- 
lets can be manipulated. Separation and pattern- 
ing of ferromagnetic liquid droplets are easily 
achieved. The formation of ferromagnetic liq- 
uid droplets is reversible, and the interfacial 
assembly of the MNP-surfactants is responsive 
to external stimuli and provides systems in 
which translational and rotational motions 
can be actuated remotely and precisely by an 
external magnetic field. 
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© CMC-Jammed FF 


Fig. 4. Sorting FLDs by using static and rotational magnetic fields. Mixtures of FLDs 
comprising a shell of a jammed monolayer of MNP-surfactants and an FF core (dispersed 
carboxyl-functionalized iron oxide NPs, Fe304-CO2H) (brownish spheres); FF droplet comprising 
a shell of jammed, nonmagnetic CMC surfactants (CMCSs) encapsulating an aqueous 
dispersion of PEG-coated iron oxide NPs (Fe30,4-PEG) (red spheres); FF droplet comprising 
an aqueous dispersion of Fe30,-PEG NPs with no jammed monolayer at the droplet surface 
(bright green spheres). The separation of FLDs by using (A) a static bar magnet on the 
side of the container and (B) a bar magnet rotating under the container. [Rhodamine B in 
CMC-jammed FF] = 1 gL", [fluorescein sodium salt in FF] = 1 g L™. (C) Visualization 

of the hydrodynamic vortex flow for an FLD ensemble in a rotating magnetic field using an 
oil-soluble dye. [Nile red in toluene] = 1g L. Scale bars, 3 mm. 
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Quantum scale anomaly and spatial 
coherence in a 2D Fermi superfluid 


Puneet A. Murthy’*{+, Nicolé Defenu?*+, Luca Bayha’, Marvin Holten’, 
Philipp M. Preiss’, Tilman Enss”, Selim Jochim’ 


Quantum anomalies are violations of classical scaling symmetries caused by divergences 
that appear in the quantization of certain classical theories. Although they play a 
prominent role in the quantum field theoretical description of many-body systems, 
their influence on experimental observables is difficult to discern. In this study, we 
discovered a distinctive manifestation of a quantum anomaly in the momentum-space 
dynamics of a two-dimensional (2D) Fermi superfluid of ultracold atoms. The measured 
pair momentum distributions of the superfluid during a breathing mode cycle exhibit 

a scaling violation in the strongly interacting regime. We found that the power-law 
exponents that characterize long-range phase correlations in the system are modified 
by the quantum anomaly, emphasizing the influence of this effect on the critical 


properties of 2D superfluids. 


ymmetries and their violations are funda- 
mental concepts in physics. A prominent 
type is conformal symmetry, which gives 
rise to the peculiar effect of scale invar- 
jance, where the properties of a system are 
unchanged under a transformation of scale. For 
instance, a Hamiltonian H(z) is said to be scale 
invariant when H(Ax) = A°H(x), where i is a 
scaling factor and oa is a real number. Scaling 
symmetries such as these can be violated by 
quantum fluctuations, which is a phenomenon 
known as a quantum anomaly. Such anomalous 
symmetry breaking is widely discussed in quantum 
field theory (7) and has fundamental implica- 
tions in the contexts of high-energy physics and 
phase transitions. However, unambiguous exper- 
imental signatures of this effect, particularly in 
many-body systems, have so far been elusive. 
Here, we report the direct observation of a 
quantum anomaly in the dynamics of a two- 
dimensional Fermi superfluid. 
Two-dimensional (2D) systems with contact 
interactions, Vix) © 87(x), are of particular in- 
terest in the context of scale-invariance violation 
because the & potential does not introduce a 
characteristic scale to the Hamiltonian. At the 
classical level, the transformation xx rescales 
the interaction potential as ViAxw) < 2° V(x), ex- 
actly the same way as the kinetic energy, and 
therefore the classical 2D gas is intrinsically scale 
invariant (2, 3). However, at the quantum me- 
chanical level, this is no longer true because the 8” 
scattering potential supports a two-body bound 
state for arbitrarily weak attraction (4-6). The 
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bound state has a characteristic length dap, which 
describes the expected size of the molecule and 
introduces a spatial scale. This additional length 
scale is connected with the binding energy scale 
Ex, and it breaks the scaling relation between 
interaction and kinetic energy, which leads to a 
quantum anomaly. 

How does this quantum anomaly influence the 
behavior of 2D systems at macroscopic scales? 
This question is especially relevant for 2D super- 
fluids, which exhibit algebraic, hence scale-free, 
decay of phase correlations (7, 8) described by 
the Berezinskii-Kosterlitz-Thouless (BKT) mech- 
anism. In this context, how does the introduc- 
tion of a short-distance scale (yp) affect the 
long-range behavior, such as spatial coherence 
and transport properties, in 2D superfluids? 
These questions are at the heart of many-body 
physics of 2D systems, and answering them 
may provide insights into the general phenom- 
enology of other lower dimensional systems 
such as exciton-polariton condensates (9) and 
graphene (JO, 11). 

In the field of ultracold atomic gases, 2D Bose 
gases in the weakly repulsive instead of inter- 
acting limit are demonstrably scale invariant 
(3, 12, 13), suggesting that the bound state plays 
a negligible role in these systems. However, in 
2D Fermi gases, particularly in the strongly 
interacting regime, the effect of the additional 
length scale dzp becomes appreciable, for in- 
stance in the thermodynamic equation of state 
(14-19). On this basis, various theoretical works 
have predicted a quantitatively pronounced 
effect of the scale-invariance violation in this 
regime (20-23). 

In harmonically trapped gases, a notable 
manifestation of this anomaly is an interaction- 
induced correction to the collective breathing 
mode frequency with respect to the noninter- 
acting value (4, 20-22, 24) of twice the trap fre- 
quency. Although previous studies on breathing 
modes found no evidence of such a correction 


(25), the observation of an anomalous frequency 
shift at low temperatures has been reported in 
recent experiments (26, 27). However, the rela- 
tive magnitude of these shifts (~1 to 2%) is 
several times smaller than the theoretical pre- 
diction (~10%), raising questions on the physi- 
cal relevance of the quantum anomaly for the 
dynamical properties of 2D Fermi gases. Rather 
than the breathing mode frequencies, here we 
explore the spatial coherence properties in mo- 
mentum space, which reveal the scale-invariance 
breaking effect that is nearly absent in the position- 
space density profiles. 

In our experiments, we prepared a gas of ~2 x 10* 
Li atoms in the lowest two hyperfine states, 
trapped in a highly anisotropic potential and 
cooled to low temperatures deep in the super- 
fluid phase. The ratio of absolute temperature to 
the Fermi temperature (7/7;) is in the range of 
~0.05 to 0.1. The radial and axial trap frequencies 
of the harmonic potential are wm, = 2m x 23 Hz 
and w, = 2x x 7.1 kHz, respectively, correspond- 
ing to an aspect ratio w,/@, ~ 310. With the 
relevant thermodynamic scales kept smaller 
than the axial confinement energy, we ensure 
that the system is in the kinematically 2D regime. 
By tuning the interactions between fermions 
around a Feshbach resonance, we access the 
2D Bose-Einstein condensate to the Bardeen- 
Cooper-Schrieffer (BEC-BCS) crossover region. 
The interactions in the 2D many-body system 
are described by a dimensionless parameter 
In(Kpdgp), where ky is the Fermi momentum 
and Qyp is the 2D scattering length obtained 
from the 3D scattering length (5, 6, 28). For 
In(Kpdap) < —1, we are in the BEC regime, 
whereas In(Xpd2p) > 1 corresponds to the BCS 
regime. The strongly correlated regime located 
between these limits occurs when 1/ kg ~ dap. 
This crossover region exhibits some notable fea- 
tures, such as enhanced critical temperature 7. 
(14) and a large pseudogap region above T., where 
pairing is strongly density dependent (29). 

We investigated the interplay between quan- 
tum anomaly and phase correlations by measur- 
ing the dynamical evolution of the gas both in 
position space (i.e., in situ) and in momentum 
space. Measuring the momentum distribution 
is particularly important as it encodes informa- 
tion of phase fluctuations in the superfluid. First, 
we brought the system out of its equilibrium 
configuration by resonantly modulating the har- 
monic trapping potential at twice the trap fre- 
quency 20, (Fig. 1, A and B). This protocol excites 
the 2D isotropic breathing mode whereby the gas 
undergoes periodic cycles of compression and 
expansion. After a fixed duration (10 cycles), the 
drive was stopped, and the cloud evolved in the 
original potential for a variable time ¢. In con- 
trast to previous works, which investigated the 
frequency of the breathing mode, we focus on 
how the shapes of the in situ and momentum 
distributions change within a single breathing 
cycle. Because the damping rate of the breathing 
mode is very small (~0.01,) (26), the motion is 
essentially isentropic, which allows the direct 
probing of scale-invariant behavior. 
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To measure the pair momentum distribution 
nk), we used a matter wave focusing technique 
that has been previously demonstrated for 2D 
gases (30, 31). First, we rapidly ramped the offset 
magnetic field to the weakly interacting limit 
of strongly bound dimers. Immediately after the 
ramp, we switched off the trapping potential and 
released the sample to ballistically expand in a 
shallow harmonic potential for a quarter period 
Texp/4 = 1/2Mexp = 21.8 ms, where Wexp is the 
shallow trap frequency. The T,,,/4 evolution 
maps the initial momentum distribution of par- 
ticles to the spatial distribution. As the time scale 
of the magnetic field ramp (tramp ~ 50 us) is 
shorter than the intrinsic time scales of the 
many-body system, the measured spatial distri- 
bution at ¢ = T.,,/4 reflects, to a very good ap- 
proximation, the initial momentum distribution 
of pairs. The strong enhancement of the low- 
momentum modes in n(#), as seen in Fig. 1D, 
signals superfluidity in the system as it is related 
to long-range spatial coherence in the system 
(7, 14). 

In Fig. 1E, we show an example of the mea- 
sured time-evolution of the in situ p(7,f) (orange) 
and momentum distributions 7(,t) (blue) taken 
at the interaction parameter In(K'p@2p) = 1. The 
in situ distribution exhibits periodic compres- 
sion and expansion at approximately twice the 
trap frequency (@g ~ 2@,), as expected. In con- 
trast, n(k,t) undergoes sharp revivals at twice 
the rate of p(7), i-e., when the cloud size is max- 
imum (outer turning point, t = f,) as well as 
minimum (inner turning point, ¢ = ¢). At inter- 
mediate time scales between the turning points, 
n(k) is broadened. At a qualitative level, this pecu- 
liar effect can be understood as a consequence of 
the oscillation of the hydrodynamic velocity field 
at any point (a, y), Vg <sin(wpt) [vex + yey]. 
During the breathing cycle, vg vanishes at the 
two turning points. At the intermediate points, 
the nonzero value of vg manifests in a broadened 
momentum distribution, whereas the in situ pro- 
file shows a monotonous variation between the 
inner and outer turning points. We provide a more 
detailed description of the effect using variational 
Gross-Pitaevskii computations in (fig. SI) (32). A 
similar effect has recently been predicted for the 
1D Bose gas in the Tonks-Girardeau regime using 
scale-invariant dynamics (33) and has also been 
experimentally observed in the weakly interacting 
regime (34). 

From these dynamical measurements, the oc- 
currence and violation of scale invariance can be 
studied by comparing the in situ and momentum- 
space distributions at different points in time. 
To illustrate this point, let us consider the 
time evolution of a scale-invariant gas in a har- 
monic potential. Naturally, the presence of a 
trapping potential introduces a length scale and 
thus explicitly breaks scale invariance. However, 
as pointed out in (3), the special case of a 2D 
harmonic potential has an inherent SO(2,1) 
symmetry that restores scaling behavior. Conse- 
quently, the harmonically trapped scale-invariant 
gas displays predictable dynamics with the 
time-dependent many-body wave function being 
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given in terms of the equilibrium wave func- 
tion according to 


WX.t) = Sp v(X/A,t = 0)x 
exp (: ra) exp (i9(t)) (1) 


where X = (#1, %»,...,2y) are the 2N position 
coordinates of the many-body system, m is the 
particle mass, 0(¢) is an overall phase, and A(t) 
is the time-dependent scale factor that obeys 
the Ermakov-Milne equation (32). From the 
full wave function (Eq. 1), one obtains the evo- 
lution of the in situ density and the momentum 
distribution 


p(r,t) = 30(7,t= 0) (2) 


n(k,t) = 12) (ake + mide, r,t=0)ér (3) 


in terms of the Wigner function Wiky,f). The in 
situ density is completely self-similar (Eq. 2), i.e., 
the density at any time ¢ can be rescaled to its 
initial form using a single scaling factor A(d). 
When 4 = 0, the momentum distribution n(k,) 
also displays self-similar scaling with the inverse 
factor 4~'. For the breathing modes, ( = 0 at the 
two turning points. Therefore, a comparison of 
the in situ and momentum distributions at the 
inner and outer turning points can be used as a 
proxy to study scale invariance. 

We measured the dynamically evolving in situ 
and momentum distributions for various inter- 
action parameters across the BEC-BCS crossover. 
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In Fig. 2, we show p(r) (left column) and n(k) 
(right column) at the inner and outer turning 
points for interaction strengths In(/paxp) = -1.5, 
1, 1.3, 1.5, and 2, which correspond to the strongly 
interacting crossover region. The open diamonds 
and filled circles represent the distributions at 
successive inner (¢,;, 2) and outer (¢,3, f,,2) turn- 
ing points within a breathing cycle (Fig. 1E). The 
scaling to the inner turning point distribution 
is performed using the mean of the successive 
outer turning point distributions. In the in situ 
distributions, the outer turning point profile 
p(7,t,.) (blue) can be collapsed onto the inner 
turning point profile p(7;¢;) using a global scaling 
factor 0 < i < 1. The rescaling is represented by 
the dashed black curves in Fig. 2, where p,<(7") = 
2 *p(r/A,to); the scaling factor A is obtained by 
minimizing the mean square deviation between 
the inner profile and the rescaled outer profile. 
The measured and rescaled distributions coincide 
within the systematic and statistical uncertain- 
ties of the measured density, which is ~5% (14). 
In momentum space, the inverse scaling factor 
4 should collapse the inner and outer turning- 
point distributions if the system were scaling 
invariant. This condition is satisfied to a good 
approximation both in the BEC [In(Apaep) < —1.5] 
and BCS [In(Apa2p)22] regimes (Fig. 2, A and E). 
In these regimes, the difference between the 
scaling factor obtained independently for the 
k-space distributions and the inverse in situ scaling 
factor is <2%. However, in the crossover region 
around In(k dep) ~ 1.3, we find a notable discrep- 
ancy between the measured n(k,¢,) at the inner 
turning point and the rescaled distribution n,.(k) 
obtained using the inverse in situ scaling factor. 
In fact, we expect n(k,t;) to always be broader 
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Fig. 1. Dynamics of a 2D fermionic superfluid in position and momentum space. (A and B) We 
prepare a 2D Fermi gas well below the superfluid critical temperature (0.05 < T/T < 0.1) (14). The 
isotropic breathing mode is excited by resonantly modulating the harmonic trap at twice the trap 
frequency. Once the drive is stopped, the breathing oscillations continue for a variable time t, 

at which point we measure (C) the in situ density distribution p(r,t) and (D) the pair momentum 
distribution n(k,t) using a matter wave focusing technique. (E) Example of azimuthally averaged 
p(rt) (orange) and n(k,t) (blue) taken at interaction strength In(kgazp) = 1. The in situ density oscillates 
at twice the trap frequency, as expected. The momentum distribution exhibits sharp revivals at twice 
the rate of the in situ oscillation. The frequency doubling arises from the sinusoidal oscillation of 

the hydrodynamic velocity field, which vanishes at the inner and outer turning points of the breathing 


cycle, denoted by the vertical dashed lines. 
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Fig. 2. Scale-invariance breaking in momentum space. The in situ (left column) and pair momentum 
distributions (right column) at the inner and outer turning points for interaction strengths In(krazp) = 
-1.5, 1.0, 1.3, 15, and 2.0 (A to E, respectively). The diamonds and filled circles represent the 
distributions at adjacent inner and outer turning points. For a scale-invariant system, the 

in situ density profiles at t, (red diamonds) and t; (blue circles) should be scalable with a single 
scaling factor 2, as well as the momentum distributions [n(k,t.)>n(k,t,)] with the inverse factor 
x1. Such scaling behavior is observed both in the weakly interacting BEC and BCS regimes. 
However, in the strongly interacting crossover regime, we find a clear departure from scale invariance. 
Although the evolution of the p(r) is still self-similar, the momentum distribution shows a notable 
discrepancy from the expected result obtained with the inverse scaling factor from the in situ 
scaling (dashed black line). This scaling violation at strong interactions is attributed to the 
quantum anomaly. 
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than n(k,t,) (see Fig. 2A), but the measured 
momentum distribution at In(pa2p) ~ 1.3 shows 
the opposite effect. Here, the occupation of the 
low-k region of n(x) is strongly enhanced, not only 
with respect to the expected distribution but also 
compared with n(k,t,). This discrepancy is evi- 
dence that scale invariance is violated owing to 
strong interactions, with an unmistakable signa- 
ture in momentum space. 

As shown in Fig. 2, the fermionic interactions 
have a substantial influence on the low-k modes, 
which correspond to long-wavelength phase fluc- 
tuations in the superfluid. The correlations in the 
phase are characterized by the first-order corre- 
lation function 


gi(r) = Jo(R—r/2,R+4/2)@PR (4) 


where p; is the one-body density matrix. Exper- 
imentally, g,(7) is directly obtained from the n(k) 
through a Fourier transform. In (7), a transition 
from exponential to algebraic decay in the trap- 
averaged g;(r) was observed, in agreement with 
BKT theory and quantum Monte Carlo compu- 
tations (35). Here, we use the same procedure 
described in (7) to extract g,(7) at the inner and 
outer turning points. These are shown in Fig. 3A 
for In(¥pdop) = -6 and 1.3. To account for the 
change in cloud size when comparing the two 
correlation functions, we plot g)(A7;¢,) in rescaled 
coordinates, where A is the scaling factor ob- 
tained from the procedure described above (Fig. 
2 and Eq. 2). In addition, we extract the exponent 
n by fitting a power law [f(7) ~ 7°] to g(r). 
Although the exponents in the trap-averaged 
(7) are substantially larger than the homoge- 
neous BKT predictions, they have the same qual- 
itative behavior (35), in particular, a smaller 
exponent corresponds to a larger superfluid 
phase space density D, = PsAts where p, is the 
superfluid density and A; is the thermal de 
Broglie wavelength. The power-law exponents 
obtained at the two turning points are tabulated 
in table S1 (32). 

In the BEC regime, the two curves [g\(7,¢,) 
and g,(A7;,t,)] collapse onto each other (Fig. 3A), 
whereas in the crossover regime, the correlation 
functions are substantially different, with the in- 
ner g,(7;¢;) decaying slower than expected. In Fig. 
3B, we show the ratio n/n, for different inter- 
action strengths across the BEC-BCS crossover. 
For scale-invariant systems, nj; = No, i.e., the spec- 
trum of phase fluctuations is unaffected by a 
change in the density. Indeed, we find nj/no = 
1 in the BEC regime, but the ratio dips dramat- 
ically in the crossover regime to a value of ~0.8 
before rising again in the weakly interacting BCS 
regime. This quantitative deviation proves that 
the quantum scale anomaly that originates in 
the short-distance fermionic correlations in- 
fluences the algebraic decay of correlations in 
the 2D superfluid. An equivalent signature is ob- 
tained by comparing the outer zero-momentum 
occupation with the rescaled one at the inner 
turning point; the resulting curve, shown in the 
inset of Fig. 3B, also deviates from the scale- 
invariant expectation in the crossover region. 
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Fig. 3. The quantum anomaly and spatial coherence. (A) The first-order correlation function 
gi(r,t;) at inner point (red) and rescaled correlation function g)(ar,t.) at the outer points (blue), for 
In(krazp) ~ —6 (upper panel, BEC) and In(krazp) ~ 1.3 (lower panel, crossover), where A is the 

real space scaling factor obtained in Fig. 2 . In the BEC regime, g1(r,ti) and gi(Ar,t.) coincide, whereas 
in the crossover regime, the two curves are conspicuously different. From the power-law decay 

of g(r) ~ r-", we extract the exponent n. (B) The ratio nj/no across the BEC-BCS crossover. The 
scale-invariant expectation n/n. = 1 is reproduced in the BEC regime. In the crossover regime, we 
observe a sharp dip in the ratio signaling the scaling violation in the long-range phase correlations. 
The minimum ratio is at In(keazp) ~ 1.3, which coincides with the regime of many-body pairing 
observed in (29). (Inset) The ratio between the zero pair momentum occupation at the inner and 
outer turning points, divided by 1/47; as above, the largest anomaly is observed in the crossover 
region. The purple and green curves are guides to the eye. 


What is the origin of these effects? The inter- 
action region [In(kKdsp) ~ 1] where we see the 
largest scaling violation in the phase correla- 
tions coincides with the regions of (i) maximum 
critical temperature (14), (ii) largest density- 
dependent pairing (pseudogap) (29), and (iii) 
the maximum breathing mode frequency shift 
(26, 27). This suggests that all these effects may 
have a common mechanism. However, the ex- 
act dependence of these effects on In(K@2p) is 
slightly different because local properties such 
as fermion pairing and long-range properties 
such as coherence respond differently to tem- 
perature. Also, because the breathing motion 
in the system is much slower than the micro- 
scopic scattering rate between fermions, one 
can apply the traditional hydrodynamic pic- 
ture where the gas can be considered locally in 
equilibrium at all times. This allows the dynam- 
ical behavior of the gas to be connected with its 
equilibrium properties. 

In this framework, one possible mechanism 
arises from the density-dependent pairing ef- 
fect observed in (29). In the crossover region, a 
change in density during the breathing cycle 
corresponds to a change in the total pairing 
energy. However, in 2D BCS theory, the coher- 
ence length remains fixed to the vacuum expec- 
tation dsp irrespective of the density. Accordingly, 
as the particle spacing is the smallest at the inner 
turning point, this implies enhanced phase co- 
herence extending over more particle spacings 
and a smaller decay exponent n. At the same time, 
enhanced occupation of low-momentum modes 
requires, at a fixed total number, a reduced occu- 
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pation at high momenta and hence a depletion in 
the pair kinetic energy. We have analyzed the 
kinetic energy extracted from the momentum 
distribution and found a scaling violation con- 
sistent with this argument (fig. S2) (32). 

The observations in Fig. 3 may also provide 
hints toward explaining the enhanced critical 
temperatures in this region. We recall that the 
power-law exponents are an indicator of super- 
fluid stiffness and phase-space density: a smaller 
y corresponds to more coherence and greater 
stiffness D,. For scale-invariant systems, D, nec- 
essarily remains constant throughout the breath- 
ing cycle leading to n/n. = 1. However, in the 
crossover regime, the observation of n;/No < 1 
implies that the density-dependent pair cor- 
relations enhance the superfluid phase space 
density for the same effective temperature. In 
other words, the critical D, required for the 
superfluid transition can be attained at higher 
T,/Tp, aS seen in (14). 

Finally, we note the differences between the 
manifestations of the anomaly in the breathing 
mode frequency shifts and coherence measure- 
ments. The density profiles at the turning points 
do not exhibit conspicuous effects of the quantum 
anomaly and satisfy the prediction of the dy- 
namical SO(2,1) symmetry (24). This is consistent 
with the small shifts in the breathing mode fre- 
quency reported in (26, 27). It further shows that 
the breathing mode dynamics are not fully ex- 
plained by the equation of state (15-17), which is 
scale dependent and would imply a large shift in 
the breathing frequency accompanied by an ob- 


servable change in the in situ density profile. On 
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the other hand, the coherence of the system 
probes the long-wavelength phase fluctuations 
and thus displays a much larger effect of the 
quantum anomaly. In addition, the coherence 
properties in the superfluid phase are more sen- 
sitive to temperature, which leads to a slightly 
different dependence on the In(Kpd@.p) with 
respect to local measurement of many-body 
pairing (29). An important goal for future in- 
vestigations is to find a theoretical description 
that connects these different effects—many-body 
pairing, enhanced critical temperature, breath- 
ing mode frequencies, and spatial coherence—in 
the crossover region. Although the relation be- 
tween many-body pairing and breathing mode 
properties has been recently demonstrated the- 
oretically (36), the connection between the quan- 
tum anomaly and coherence remains an open 
question. 
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MOLECULAR KNOTS 


Topological molecular nanocarbons: 
All-benzene catenane and trefoil knot 


Yasutomo Segawa’?*, Motonobu Kuwayama’, Yuh Hijikata”®*, Masako Fushimi’, 
Taishi Nishihara’”’, Jenny Pirillo®*, Junya Shirasaki’, 
Natsumi Kubota”, Kenichiro Itami?”** 


The generation of topologically complex nanocarbons can spur developments in science 
and technology. However, conventional synthetic routes to interlocked molecules require 
heteroatoms. We report the synthesis of catenanes and a molecular trefoil knot consisting 
solely of para-connected benzene rings. Characteristic fluorescence of a heterocatenane 
associated with fast energy transfer between two rings was observed, and the topological 
chirality of the all-benzene knot was confirmed by enantiomer separation and circular 
dichroism spectroscopy. The seemingly rigid all-benzene knot has rapid vortex-like motion 
in solution even at —95°C, resulting in averaged nuclear magnetic resonance signals for 
all hydrogen atoms. This interesting dynamic behavior of the knot was theoretically 
predicted and could stimulate deeper understanding and applications of these previously 
untapped classes of topological molecular nanocarbons. 


arbon nanostructures such as fullerenes 
(1), carbon nanotubes (CNTs) (2), and 
graphene (3) and their partial molecular 


studies have shown that the emergence of dis- 
tinct geometries and morphologies of carbon 
leads to the discovery of functions and appli- 


substructures (molecular nanocarbons) 
(4-9) have revolutionized the research 
fields of chemistry, physics, materials science, 
and nanoscience (Fig. 1A). Historically, these 


a” 


corannulene 


& 


cycloparaphenylene 


cations that are not initially predicted nor ex- 
pected (10-12). Currently, the known variations 
of nanocarbon structure are all topologically 
simple. There are numerous theoretically pro- 


carbon nanotorus all-benzene trefoil knot 


all-benzene catenane 1a 


posed nanocarbons with unexplored topologies, 
such as carbon nanotori (Fig. 1A) (13-15), nano- 
coils (13-15), and Mackay crystals (16). However, 
the lack of methods for creating such carbon 
topologies hampers the advancement of this 
field. In particular, mechanically interlocked 
molecules (MIMs) such as catenanes and mo- 
lecular knots (77-20) are interesting motifs that 
provide heretofore unrealized topologies in the 
context of nanocarbon structures. 

We report the synthesis of all-benzene catenanes 
la and Ib and trefoil knot 2 (Fig. 1B). These 
molecules are cycloparaphenylenes (CPPs) (7, 8)— 
a class of molecular nanocarbon that comprises 
a sidewall segment structure of CNT's—with the 
topology of catenanes and trefoil knots. They re- 
tain the high symmetry and radial n-conjugation 
modes characteristic of CPPs, but also demon- 
strate distinctive intramolecular electronic in- 
teractions and dynamic motion. Geometrically, 
trefoil knots are in the class of torus knots (21), 


1ST-ERATO, Itami Molecular Nanocarbon Project, Chikusa, 
Nagoya 464-8602, Japan. Graduate School of Science, Nagoya 
University, Chikusa, Nagoya 464-8602, Japan. “Institute of 
Transformative Bio-Molecules (WPI-ITbM), Nagoya University, 
Chikusa, Nagoya 464-8602, Japan. “Institute for Chemical 
Reaction Design and Discovery (WPI-ICReDD), Hokkaido 
University, Sapporo, Hokkaido 001-0021, Japan. “Institute of 
Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan. 
*Corresponding author. Email: itami@chem.nagoya-u.ac.jp (K.I.); 
ysegawa@nagoya-u.jp (Y.S.) 


all-benzene trefoil knot 2 


catenane 


trefoil knot 


Fig. 1. Topological molecular nanocarbons. (A) Structures of fullerene, CNT, carbon nanotorus, and their segmental molecules (corannulene, CPP, and 
all-benzene trefoil knot). (B) Structures of all-benzene catenane 1a and all-benzene trefoil knot 2. (© and D) Strategy for the synthesis of all-benzene 


catenane (C) and the trefoil knot (D). F’, fluoride anion; ROH, alcohol. 
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which can be placed on the surface of a torus. As 
shown in Fig. 1A, the all-benzene trefoil knot 2 
is a partial segment of a carbon nanotorus. 
Conventionally, MIMs have been synthesized 
by using several types of reversible interactions 
such as metal-ligand coordination (22), electro- 
static and m-n stacking interactions (23, 24), as 
well as hydrogen bonding (25). All-hydrocarbon 
structures have been left behind in the history 


——$—$_—_— 
Br 
. & 


R = n-butyl 
4a (X = Y = 1) 56% 
4b (X = 1, Y = Cl) 15% 
4c (X = Y = Cl) 50% 


+ side products 
(not isolated) 


Fig. 2. Synthetic routes to 1a (A), 1b (B), and 2 (C). Reaction conditions: 
(i) Four steps (see the supplementary materials for details). (ii) Catalytic 
Pd(PPh3)4, K2CO3, toluene/EtOH/water or THF/DMF/water, reflux. 

(iii) n-BuLi; then TMEDA, SiHCls, THF/Et20. (iv) Ni(cod)2, 2,2'-bipyridyl, DMF. 
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of MIMs since the report on the synthesis of a 
cycloalkane catenane in 1983 (26), presumably 
because of the lack of an efficient synthetic 
method. In 2016, the existence of all-benzene 
catenanes and possibly trefoil knots was sug- 
gested from a detailed mass spectral analysis of 
a mixture of CPPs. However, results of further 
spectral or structural investigations were not 
reported, as individual components were diffi- 


+ side products 
(not isolated) 


(v),(vi) 


+ side products 
(not isolated) 


1,3,2-dioxaborolan-2-yl. 


cult to isolate (27). Two recent reports of MIMs 
with nitrogen-containing CPP derivatives rely on 
the metal-ligand coordination strategy (28, 29). 
Thus, a distinct synthetic method to access all- 
benzene catenanes and knots is necessary to 
explore this exciting field. Our strategy (Fig. 1, C 
and D) drew inspiration from the known quan- 
titative conversion of a spirobi(dibenzosilole) to 
two biphenyls upon treatment with fluoride in 


+ [12]CPP 
14% 


[12]CPP 
13% 


+ da + [12]CPP 
0.2% 6.1% 


2 
0.3% based on 10 


(v) n-Bu4NF, THF/EtOH. (vi) Sodium naphthalenide, THF, and then ls. 
THF, tetrahydrofuran; cod, 1,5-cyclooctadiene; DMF, N,N-dimethylformamide; 
TMEDA, N,N,N',N'-tetramethylethylenediamine; pinB, 4,4,5,5-tetramethyl- 
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— 1b 
— [12]CPP 
— [9ICPP 


Normarized intensity 


600 700 


450 500 550 
Wavelength (nm) 


Fig. 3. Structures and properties of all-benzene catenanes 1a and 1b. (E) Ultraviolet-visible absorption (solid lines) and fluorescence (dashed 

(A and C) Oak Ridge thermal ellipsoid plot (ORTEP) drawings of lines) spectra of the dichloromethane solutions of 1b, [9]CPP, and 

la (A) and 1b (C) with thermal ellipsoids set to 50% probability. [12]CPP. The fluorescence spectra were measured upon excitation at 
Hydrogen atoms and solvent molecules are omitted for clarity. 340 nm for [12]CPP and [9]CPP or 360 nm for 1b. (F) Hypothetical 

(B and D) Packing structures of la (B) and 1b (D); carbon: gray, blue, illustration of the fluorescence mechanism of 1b. Orange color with asterisk 
or green; hydrogen: white. Solvent molecules are omitted for clarity. (*) represents excited moieties. hv, light irradiation; FL, fluorescence. 


left-handed (-) 


CD (mdeg) 


second fraction = 


250 300 350 400 450 500 fight-handed (+) 
Wavelength (nm) 


[12]CPP 


78 76 474 | 72 
Chemical shift (ppm) 


Fig. 4. Structure and properties of all-benzene knot 2. (A) ORTEP drawing (C) CD spectra of the enantiomers of 2 and their assignment. (D) ‘H-NMR 


of 2 with thermal ellipsoids set to 50% probability. Hydrogen atoms and spectra of la, 2, and [12]CPP in CD2Cls at 25°C and —95°C. (E) Snapshots 
solvent molecules are omitted for clarity. (B) Packing structures of 2; carbon: of the DFTB-MD simulation of 2 (carbon: gray or orange; hydrogen: white). See 
gray or orange; hydrogen: white. Solvent molecules are omitted for clarity. the supplementary materials and methods and movie S1 for details. 
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ethanol (30). We envisioned that the spirosilane 
moiety could similarly be used as a traceless 
template for the synthesis of all-benzene cate- 
nanes and trefoil knots, which would contain 
no remnants of it. 

The synthetic route to [12]CPP-based [2] 
catenane (1a) is shown in Fig. 2A. According to 
the synthetic protocol reported by Jasti and col- 
leagues (37), dialkoxycyclohexadiene moieties 
were selected as bent paraphenylene precur- 
sors, whereas 7-butoxy groups were used instead 
of methoxy groups to increase the solubility of 
the intermediates. The starting material, 2,2’- 
dibromo-4,4’-diiodobiphenyl (3), was converted 
into a dibrominated U-shaped unit 4a in four 
steps that included an iodo-selective lithiation, a 
nucleophilic addition to a p-quinone derivative, 
a nucleophilic addition of p-halolithiobenzenes, 
and an n-butylation of the resulting hydroxy 
groups. A Suzuki-Miyaura coupling of 4a and 
L-shaped unit 5, which bears chloro and boryl 
groups (31), took place selectively at the iodo 
moieties of 4a to form C-shaped unit 6a in mod- 
erate yield. For the formation of spirosilane 7a, 
conventional reaction conditions (dilithiation with 
n-BuLi, followed by spirosilylation with SiCl,) 
were not applicable because of the high Lewis 
acidity of SiCl,, which reacts quickly with the 
n-butoxy moieties. After screening the reaction 
conditions using a model reaction (compare table 
SD, we discovered that the complex of SiHCl; and 
TMEDA (N,N,N; N'-tetramethylethylenediamine) 
(32) was suitable for this spirosilylation step. 
Sequential lithiation of 6a and addition of 
SiHCl; and TMEDA afforded spirosilane 7a 
in 57% yield. 

Catenane 1a was synthesized from 7a in three 
steps including a Ni(0)-mediated intramolecular 
aryl-aryl coupling reaction at the C-Cl moieties, 
a fluoride-mediated desilylation, and a reductive 
aromatization of the dialkoxycyclohexadiene 
units (Fig. 2A). As a result, the desired catenane 
1a was isolated in 16% yield (9.0 mg) from 7a by 
column chromatography and preparative thin- 
layer chromatography (PTLC), along with the 
generation of pristine [12]CPP (14% yield, 8.0 mg). 
Although intermediates were neither isolated 
nor characterized, precursors 8a and 9a were 
expected to be generated from the aryl-aryl cou- 
pling step and the desilylation step, respectively 
(see fig. S1 for the plausible intermediate of [12] 
CPP). The H-nuclear magnetic resonance (NMR) 
spectrum of 1a in CD2Cly showed a singlet peak 
at 7.35 parts per million (ppm), which indicates 
fast mutual rotation of the two [12]CPP compo- 
nents of 1a in solution. 

By applying this strategy, the all-benzene 
catenanes consisting of two different-sized rings 
could also be synthesized (Fig. 2B). Starting from 
C-shaped unit 6b in addition to 6a, hetero- 
spirosilylation successfully occurred to furnish 7b 
in 41% yield together with relatively small amounts 
of the homo-spirosilylation products 7a and 7e, 
which is a possible precursor for [9]CPP catenane. 
The thus-obtained hetero-spirosilane 7b was con- 
verted into [9]CPP-[12]CPP heterocatenane Ib in 
15% yield (2.0 mg) by sequential homocoupling 
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reaction, desilylation, and reductive aromati- 
zation reactions. The ‘H-NMR signals of Ib in 
CD.Cl, were observed at 7.29 and 7.38 ppm, with 
the integral ratio of 9:12 indicating 1:1 catenated 
structure of [9]CPP and [12]CPP in Ib. 

The catenated structures of 1a and Ib were 
confirmed by x-ray crystallography (Fig. 3, A 
and C). In the solid state, catenanes la and Ib 
stack in one dimension to form void channels 
(Fig. 3, B and D), wherein solvent molecules 
used for recrystallization (hexane and chloro- 
form for la and 1,4-dioxane and chloroform 
for Ib) were incorporated. Intramolecular 1-1 
interactions are evident, with the C-C distance 
of the nonbonding benzene rings ~3.4 to 3.6 A 
(see fig. S2 for details). Absorption and fluores- 
cence measurements of Ib (Fig. 3E) revealed 
unusual features of this heterocatenane com- 
pared with [9]CPP and [12]CPP as reference 
molecules (33). The fluorescence spectrum of 
Ib is almost identical to that of [9]CPP without 
any trace of the fluorescence peaks that orig- 
inated from [12]CPP, whereas the absorption 
spectrum of Ib is the simple combination of 
those of [9]CPP and [12]CPP. The fluorescence 
lifetime of Ib (10.9 ns) is also similar to that of 
[9JCPP (10.6 ns) (33). Judging from the fact 
that the solution of the mixture of [9]CPP and 
[12]CPP shows the fluorescence peaks of both 
[9]CPP and [12]CPP (fig. S4), the complete fluo- 
rescence quenching of the [12]CPP moiety in 
Ib seems to be a consequence of the catenated 
structure. As depicted in Fig. 3F, fast energy 
transfer from the excited [12]CPP moiety to the 
[9]CPP moiety in Ib would account for these 
observations (fig. S5). This result clearly dem- 
onstrates the effect of the catenated structure 
on the photophysical properties of fully con- 
jugated rings, in that catenation is the only way 
to connect the all-benzene rings without break- 
ing their high symmetry. 

We hypothesized that our traceless synthetic 
strategy could be extended to the generation of 
an even more challenging, all-benzene trefoil 
knot 2, as shown in Fig. 1C. Inspired by the 
report of Dietrich-Buchecker and Sauvage, who 
constructed the trefoil-knot-type topology using 
two phenanthroline-Cu moieties as template 
units (34), we designed 11 (Fig. 2C) as the key 
intermediate, in which a loop consisting of 16 
paraphenylenes and 8 cyclohexadiene-diyl units 
is knotted through two spirosilane joints. As the 
key intermediate 11 was a dimerized product of 
spirosilane 10, we started with the synthesis 
of 10. The U-shaped unit 4:e was lithiated and 
silylated under the aforementioned conditions 
(SiHCl, and TMEDA) to afford 10 in 86% yield. 
In a manner similar to the synthesis of la and 
Ib, 10 was subjected to a sequence of Ni(0)- 
mediated aryl-aryl coupling, desilylation, and 
reductive aromatization without isolating the 
intermediates. Fortunately, after extensive chro- 
matographic separation of the crude mixture, 
the all-benzene trefoil knot 2 was isolated by 
PTLC and preparative high-performance liquid 
chromatography (HPLC) in 0.3% yield (0.8 mg), 
along with [12]CPP (17.3 mg, 6.1%) and 1a (0.5 mg, 


0.2%; see fig. S1 for the plausible intermediate 
of la from 10). 

Single crystals of 2 were obtained from a 
hexane and 1,2-dichloroethane solution of 2, 
and x-ray crystallography unambiguously cor- 
roborated the trefoil-knot structure (Fig. 4A). 
Similar to la and Ib, intramolecular n-n stacking 
was observed (see the supplementary materials 
for details). Trefoil knot 2 is chiral, and both 
enantiomers (gray and orange) were incorporated 
in a 1:1 ratio in the crystal (Fig. 4B). Separation 
of the enantiomers of 2 was achieved by chiral 
HPLC, and the circular dichroism (CD) spectra 
of both enantiomers were successfully recorded. 
Judging from the simulated CD spectra by den- 
sity functional theory (DFT) calculations, the first 
and second HPLC fractions could be assigned to 
the left-handed (-) and right-handed (+) (35) 
trefoil-knot structures, respectively (Fig. 4C). 

The seemingly rigid knot 2 was demonstrated 
to have rapid dynamic motion in solution. The 
*H-NMR spectrum for 2 in CD,Cl, exhibited a 
sharp singlet at room temperature (7.14 ppm), 
and even at -95°C, a slightly broadened peak 
was present, similar to those of 1a and [12]CPP 
(Fig. 4D). This result clearly indicates that all 
benzene rings of 2 were equivalent on the NUR 
time scale even at -95°C because of the rapid 
dynamic motion of the molecule (see fig. $7 for 
simulated NMR spectra). The dynamic behavior 
of 2 was simulated by density-functional tight- 
binding (DF TB) with molecular dynamics (MD) 
methods. In this simulation, we observed the 
intrinsic dynamics whereby the paraphenylene 
chains of 2 coil around a thin torus like the 
typical motion of trefoil-knot vortices (36). Be- 
cause this dynamic motion seamlessly shifts the 
benzene rings (orange in Fig. 4E) from the under- 
crossing to the overcrossing regions of the knot 
(see movie S1), it plausibly accounts for the av- 
eraged NMR signals of 2. 

These catenane and trefoil-knot molecules rep- 
resent the cornerstone objects for topological 
molecular nanocarbons. The properties of these 
m-conjugated molecules raise further scientific 
questions such as how the structural features 
(size, components, substituents) affect their dy- 
namic motions, physical properties, n-conjugation, 
and optoelectronic properties. We anticipate that 
this traceless synthetic method will generate a 
broader variety of topological molecular nano- 
carbons and open the door to expanded research 
areas in nanocarbon science. 
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PALEONTOLOGY 


New Jurassic mammaliaform 
Sheds light on early evolution 
of mammal-like hyoid bones 


Chang-Fu Zhou**, Bhart-Anjan S. Bhullar®*, April I. Neander*, 


Thomas Martin’+, Zhe-Xi Luo*+ 


We report a new Jurassic docodontan mammaliaform found in China that is preserved 
with the hyoid bones. Its basihyal, ceratohyal, epihyal, and thyrohyal bones have mobile 
joints and are arranged in a saddle-shaped configuration, as in the mobile linkage 

of the hyoid apparatus of extant mammals. These are fundamentally different from 
the simple hyoid rods of nonmammaliaform cynodonts, which were likely associated 
with a wide, nonmuscularized throat, as seen in extant reptiles. The hyoid apparatus 
provides a framework for the larynx and for the constricted, muscularized esophagus, 
crucial for transport and powered swallowing of the masticated food and liquid in extant 
mammals. These derived structural components of hyoids evolved among early 
diverging mammaliaforms, before the disconnection of the middle ear from the 


mandible in crown mammals. 


arly diverging mammaliaforms of the Meso- 
zoic are the nearest predecessors to modern 
Mammalia (7) and provide direct fossil evi- 
dence of how the mammalian structures 
have evolved (2-4). One early mammalia- 
form group is the docodontans, with a wide dis- 
tribution on Laurasian continents in the Jurassic 
and Cretaceous (5-13). We report here a newly 
discovered, exquisitely preserved docodontan skel- 
eton that offers fresh insight on the transforma- 
tion of hyoid bones and the earliest evolution of 
hyolingual function in mammals (74-18). 

Microdocodon gracilis, gen. et sp. nov. (6) is 
from the Middle Jurassic and was found in the 
Daohugou localities; it is preserved in part and 
counterpart (holotype PMOL-AM00025A and B, 
respectively: Fig. 1, fig. S1, and movie S1). The fully 
erupted teeth (1?/i4?-C1/cl-P6/p6-M4/m4) indi- 
cate that it was an adult. Among docodontans, 
Microdocodon is phylogenetically nested in the 
Tegotheriidae (16), but differs from other tego- 
theriids by several dental characteristics (fig. S2) 
(9-12). Geologically, it is the oldest of the tego- 
theriid taxa (/6). 

This animal has a diminutive size with a body 
mass ranging from 5 g (as estimated from limb 
bone lengths) to 9 g (as estimated from skull 
length) (tables S1 and S2) (/6). It is much smaller 
than other docodontans from the paleoecological 
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community of Daohugou (7, IJ, 12, 16). Its skel- 
eton shows a “T-shaped interclavicle, curved 
clavicles, and strap-shaped scapulae, which are 
similar to those of other mammaliaforms (16). 
The girdle and limb bones are very slender, and 
the radius and ulna are elongate relative to the 
humerus. It has an exceptionally long tail: the 
postpelvic length of the caudal vertebrae is 
~120% of the head-body length. On the basis of 
these characteristics, we interpret this to mean 
that it was a scansorial animal (figs. S1 and S10 
to S12) (for details, see the supplementary ma- 
terials) (6). 

The middle ear and hyoids are preserved with 
the skull (Figs. 2 and 3, figs. S2 to S5, and movie 
$2). The middle ear is preserved in the postdentary 
trough of the mandible, as in other mammalia- 
forms (Figs. 2 and 3 and figs. S1 to S4) (5-7, 11, 16). 
The basihyal, thyrohyal, ceratohyal, and epihyal 
bones (distal part incomplete and possibly carti- 
laginous) are preserved near the base of the skull 
(figs. S3 and S4). The basihyal is a rod-like bone 
with two slightly enlarged ends that bear articu- 
lating facets for the paired thyrohyals and cera- 
tohyals. These facets are similar to the articular 
facets of the basihyal-thyrohyal and basihyal- 
ceratohyal joints in the monotreme Tachyglossus 
(Fig. 3 and figs. S4 and S5). As in monotremes, the 
thyrohyals in Microdocodon have proximal ends 
wider than the shaft, whereas the distal ends are 
incomplete or unossified in the fossil. The right 
thyrohyal (best seen on the main part) overlaps 
the well-preserved manubrium of the right mal- 
leus (best seen on the counterpart). The ceratohyals 
are slender rods. The ceratohyal-epihyal joint was 
mobile and forms a sharp angle. We interpret this 
to mean that the basihyal, thyrohyals, and cera- 
tohyals formed a “)—(” configuration, in which the 
basihyal was the transverse strut (Figs. 2 and 3 and 
movie S2). This configuration, herein called the 
saddle-shaped configuration, is typical of the 
basal parts (basihyal, ceratohyals, thyrohyals) of 


the hyoid apparatus in monotremes and placen- 
tals, and in a modified condition in marsupials 
(for details, see the supplementary materials) 
(16-18). 

Based on the distinctly mammal-like morphol- 
ogy of the hyoid elements of Microdocodon, we 
can now identify hyoid elements of several other 
mammaliaforms (16) (figs. S4 to S9). The Jurassic 
haramiyidan Vilevolodon has preserved basihyal 
and ceratohyal bones (fig. S6 and movie S2) (19). 
The Cretaceous eutriconodontan Yanoconodon 
also has preserved hyoid elements (fig. S6) (20). 
Computed tomography (CT) scanning has re- 
vealed the basihyal, thyrohyals, ceratohyals, and 
epihyals of the trechnotherian Maotherium and 
the multituberculate Sinobaatar of the Cretaceous 
(figs. S7 and S8 and movie S82) (16). Addition- 
ally, Sinobaatar has preserved stylohyal bones 
(fig. S7), which is similar to the Cretaceous multi- 
tuberculate Kryptobaatar (21). We interpret this 
to mean that multituberculates have an integro- 
cornuate anterior hyoid cornu, characterized 
by the complete series of ceratohyal-epihyal- 
stylohyal connected to the basicranium (movie 
$2) (16). Moreover, we now can identify the hyoid 
elements in the early eutherian Eomaia (fig. S9) 
(16), which are similar to those of the recently 
discovered eutherian Ambolestes (22). 

The newly identified hyoids in the early mam- 
maliaform Microdocodon (fig. S4 and movie S2) 
show the rodlike basihyal, thyrohyals, ceratohyals, 
and epihyals, which are similar to those of 
Yanoconodon, Sinobaatar, Maotherium, and 
Eomaia (figs. S6 to S9), in an extant mammal-like 
configuration. Therefore, the hyoids of Microdocodon 
represent the ancestral characters of hyoid appa- 
ratus for the clade of Microdocodon and crown 
mammals. Phylogenetically, Microdocodon and 
Vilevolodon are the earliest-known mammalia- 
form fossils with mammal-like hyoids (Fig. 3, fig. 
$5, and movie S2). 

Although the hyoids are mammal like, the mid- 
dle ear in docodontans is fully attached in the 
postdentary trough of the mandible (Fig. 3B), 
which is also present in haramiyidans, albeit in 
a modified condition (Fig. 3C) (19). The hyoids 
are also mammal like in eutriconodontans and 
spalacotherioids, whereas the middle ears in these 
animals are still connected by an ossified Meckel’s 
element to the mandible (Fig. 3, fig. S6, and movie 
$2). The mammal-like, jointed anterior hyoid cornu 
and the saddle-like basal hyoid structure (Fig. 3) 
evolved before the separation of the middle ear 
from the mandible by resorption of Meckel’s car- 
tilage, which occurred convergently in separate 
clades of crown Mammalia. The development 
of a mobile linkage of the mammal-like hyoids is 
decoupled from transformation of the ear bones 
in articulation with the mandible into the sepa- 
rated middle ear during mammaliaform evolu- 
tion (Fig. 3). 

Mammaliaform hyoids show neomorphic char- 
acters not developed in nonmammaliaform the- 
rapsids (Fig. 2). (i) The basihyal is ossified and 
forms a transverse strut in a saddle configuration 
with the ceratohyals, and with the thyrohyals 
that connect the hyoids to the thyroid cartilage 
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Fig. 1. Mammaliaform Microdocodon gracilis. (A) Skeletal reconstruction, (B) photo, and (C) illustration of holotype main part PMOL- 
AMOO0025A. PMOL-AMO0025B is shown in fig. Sl and movie S1, mandible and dentition in fig. S2, and middle ear and hyoids in the details 


in figs. S3 and S4 and movie S2. 


(14, 16). By contrast, the basihyal and thyrohyals 
are not ossified (unknown as fossils) in non- 
mammaliaform therapsids (2, 24-26) (for details, 
see the supplementary materials (J6). (ii) The 
basihyal, ceratohyal, and epihyal in the anterior 
hyoid cornu (which hypothetically also includes 
the stylohyal) form a jointed linkage to the crista 
parotica of the petrosal of mammaliaforms (Fig. 
3 and fig. S5) (16, 23). However, in nonmamma- 
liaform therapsids, the hyoids are a pair of long 
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and unsegmented rods that lack the flexibility of 
the anterior hyoid cornu of mammals (24-26). 
(iii) The jointed anterior hyoid cornu swings into 
a posterior posture in mammaliaforms, enabled 
by the angled joints of the basihyal-ceratohyal 
and the ceratohyal-epihyal (Figs. 2 and 3 and 
fig. S5). This posterior posture is necessary for 
the basihyal-thyrohyal to cradle the thyroid car- 
tilage and the larynx for a narrow and muscu- 
larized pharynx, creating an oropharyngeal space 


in which to swallow the masticated food, as seen 
in modern mammals (3, 14, 27). By contrast, in 
nonmammaliaform therapsids, the long hyoid 
rods are situated anteriorly in an “A-shaped” con- 
figuration, as seen in early synapsids (28) and in 
extant nonmammalian amniotes (15, 27). 

In extant mammals, under the control of the 
suprahyoid and infrahyoid musculature, the mo- 
bile linkage of the jointed anterior hyoid cornu 
plays a crucial role in cyclic movement of the 
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unsegmented hyoid rod 
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D 
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(conjectural) 


Cynodont Thrinaxodon 


Fig. 2. Apomorphic hyoid characteristics of mammaliaforms com- 
pared with nonmammaliaform cynodonts. (A to D) Cynodont 
plesiomorphies of Thrinaxodon: “A"-shaped configuration of 
unsegmented hyoid rods in anterior hyoid posture; basihyal and 
thyrohyals unossified, as in therapsids. The hyoid—stapes connection 
in Thrinaxodon is based on comparison with the hyoid—stapes 
connection in other synapsids (2, 24). [(A) and (B)] Skull with 
hyoid—stapes in ventral and lateral views (for details, see movie S2). 
Gray shading indicates a wide pharyngeal passage conforming to 
hyoid rods, as in extant reptiles (27). (C) Reconstructed hyoids and 
middle ear bones of cynodonts; the incus and hyoids are separated to 
show their relationships. (D) Reconstructed hyoid and stapes: 
hypothetical cartilaginous connection (light blue) to stapes (red) 
[following (2)]; the cartilaginous basihyal is conjectural (16). 

E to H) Mammaliaform apomorphies of Microdocodon: the hyoids 
form a rectangular and saddle-shaped configuration with a transverse 
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basihyal. The hyoid anterior cornu forms a mobile linkage of the 
jointed basihyal, ceratohyal, and epihyal (incomplete). The hyoid 
apparatus in a posterior hyoid posture, all like the crown Mammalia 
(Fig. 3, figs. S3 and S4, and movie S2). The lack of full ossification 
of epi-stylohyals (dashed lines) in Microdocodon is consistent 

with the condition of their homologs in monotremes, all marsupials, 
eutriconodontans, and spalacotherioids, but not multituberculates 
and the early eutherians (16). [(E) and (F)] Skull in ventral and 
lateral views. Gray shading indicates a muscularized pharyngeal 
passage, constrained by rectangle-shaped hyoids, as in extant 
mammals (14, 27). (G) Mandible and hyoids in medial view. 

(H) Reconstructed hyoid and stapes: the soft tissues in hyoid 
joints are conjectural. Missing parts of the epihyals, stylohyals, 

and tympanohyals are conjectural (hatched pattern). Separation 

of the stapes from the hyoid contact to the crista parotica of 
petrosal is based on Haldanodon (23). 
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tongue and the larynx simultaneously during 
mastication. After mastication, this apparatus 
is also responsible for transport and swallow- 
ing of the masticated food (3, 14, 29, 30) and for 
stabilizing the hyolingual structure by maintain- 
ing a dynamic hyoid posture (37). The mobile 
linkage and the saddle-shaped basal hyoid con- 
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figuration of the hyoid apparatus can now be 
traced to Microdocodon (also Vilevolodon) in 
synapsid phylogeny (Figs. 2 and 3 and figs. S5 
and S6). Docodontans and haramiyidans have 
more complex teeth for mastication than does 
Morganucodon and most of nonmammaliaform 
therapsids; they also have the hyoid appara- 


tus and related hyolingual function of trans- 
port and swallowing of the masticated food 
and liquid. It is likely that the mammal-like 
hyoid structure evolved with the first appear- 
ance of complex mastication in early diver- 
gent mammaliaforms. We hypothesize that 
this system evolved no later than the common 
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Fig. 3. Mosaic evolution of the hyoid structure and the middle ear in mammaliaform phylogeny. 
The jointed anterior hyoid cornu from embryonic pharyngeal arch 2 had evolved into mammal-like 
structures before the separation of the middle ear bones from the mandible, both derived from (or in 
association with) pharyngeal arch 1. The mammaliform Microdocodon has mammal-like hyoids with a 
saddle-shaped formation in posterior posture, with apomorphies of a transverse basihyal, and mobile 
joints between basi-thyrohyals, basi-ceratohyals, and cerato-epihyals. This indicates that the 
transformation to mammal-like hyoids and hyolingual function occurred no later than the common 
ancestor of crown mammals and docodontans. The hyoids, as exemplified by Microdocodon, are also 
partly preserved in other early mammaliaforms. The first appearance of mammal-like hyoids preceded, 
phylogenetically, the separation of middle ear bones from the dentary, which occurred later and 
convergently in monotremes, multituberculates, and crown therians. (A) Cynodont Thrinaxodon (based 
on UCMP40446, see also movie S2); basihyal is conjectural. (B) Mandible, middle ear, and preserved 
hyoid parts of Microdocodon (details in figs. Sl to S4 and movie S2). (©) Mammaliaform Vilevolodon (an 
eleutherodontid from the Late Jurassic) (fig. S6) (20). (D) Monotreme Tachyglossus, hyoids digitally 
disarticulated, with thyroid arches omitted to facilitate comparison (details in figs. S3 and S4). (E) 
Multituberculate Sinobaatar with reconstruction of hyoids (fig. S7 and movie S2) [for more details, see 
(16)]. (F) Cretaceous trechnotherian Maotherium, also shown in a CT rendering of hyoids and middle ear 
(JZT-BO064; fig. S8 and movie S2). (G@) Extant carnivoran Nandinia [redrawn from (18)]. 

(H) Marsupials Monodelphis (mandible and middle ear) and Caluromys (hyoids, FANH60697). Mandibles 
(left on cladogram) and middle ears are shown in medial view. Hyoids (right column) are shown in 
splayed ventral view or digitally disarticulated in ventral view. 


ancestor of docodontans and crown Mammalia | 2. E.F. Allin, J. A. Hopson, in The Evolutionary Biology of Hearing, 
(Fig. 3). D. B. Webster, R. R. Fay, A. N. Popper, Eds. (Springer-Verlag, 
1992), pp. 587-614. 
3. A.W. Crompton, in Functional Morphology in Vertebrate 
REFERENCES AND NOTES Paleontology, J. J. Thomason, Ed. (Cambridge Univ. Press, 
1. T. B. Rowe, J. Vertebr. Paleontol. 8, 241-264 (1988). 1995), pp. 55-75. 


Zhou et al., Science 365, 276-279 (2019) 19 July 2019 


28. 
29. 


30. 


31. 


Z.-X. Luo, Nature 450, 1011-1019 (2007). 

J. A. Lillegraven, G. Krusat, Contrib. Geol. Univ. Wyoming 28, 
39-138 (1991). 

Z. Kielan-Jaworowska, R. L. Cifelli, Z-X. Luo, Mammals from 
the Age of Dinosaurs: Origins, Evolution, and Structure. 
(Columbia Univ. Press, 2004). 

Q. Ji, Z.-X. Luo, C.-X. Yuan, A. R. Tabrum, Science 311, 
1123-1127 (2006). 

Z.-X. Luo, T. Martin, Bulletin of the Carnegie Museum of Natural 
History 39, 27-47 (2007). 

A. O. Averianov, A. V. Lopatin, S. A. Krasnolutskii, S. V. Ivantsov, 
Proceedings of the Zoological Institute of the Russian Academy 
of Sciences 314, 121-148 (2010). 


. T. Martin, A. O. Averianov, H.-U. Pfretzschner, Palaeobiodivers. 


Palaeoenviron. 90, 295-319 (2010). 


. QJ. Meng et al., Science 347, 764-768 (2015). 
. ZX. Luo et al., Science 347, 760-764 (2015). 
. J. A. Schultz, B.-A. S. Bhullar, Z.-X. Luo, J. Mamm. Evol. 26, 


9-38 (2019). 


. K. M. Hiiemae, A. W. Crompton, in Functional Vertebrate 


Morphology, M. Hildebrand, D. M. Bramble, K. F. Liem, 
D. B. Wake, Eds. (Harvard Univ. Press, 1985), 
pp. 262-290. 


. W. Maier, Zool. Anz. 338, 55-74 (1999). 
. See the supplementary materials. 
. J.-P. Gasc, Squelette hyobranchial, in Traité de Zoologie 


Anatomie, Systématique, Biologie, Tome XVI, Fascicle 
|, P.-P. Grassé, Ed. (Masson, 1967), pp. 550-583; 
1103-1106. 


. J. R. Wible, M. Spaulding, Ann. Carnegie Mus. 82, 1-114 


(2013). 


. Z.-X. Luo et al., Nature 548, 326-329 (2017). 
. Z.-X. Luo, P. Chen, G. Li, M. Chen, Nature 446, 288-293 


(2007). 


. J. R. Wible, G. W. Rougier, Bull. Am. Mus. Nat. Hist. 247, 1-124 


(2000). 


. S. Bi et al., Nature 558, 390-395 (2018). 
. |. Ruf, Z.-X. Luo, T. Martin, J. Vertebr. Paleontol. 33, 382-400 


(2013). 


. T. H. Barry, Annals of the South African Museum 50, 275-281 


(1968). 


. S.C. Jasinoski, F. Abdala, V. Fernandez, Anat. Rec. 298, 


1440-1464 (2015). 


. A. K. Huttenlocker, C. A. Sidor, J. Vertebr. Paleontol. 36, 


ell11897 (2016). 


. V. E. Negus, The Comparative Anatomy and Physiology of the 


Larynx (Heinemann, 1949). 

E. C. Olson, Fieldiana Geol. 17, 225-349 (1968). 

S. W. Herring, R. P. Scapino, J. Morphol. 141, 427-460 
(1973). 

R. Z. German, A. W. Crompton, Brain Behav. Evol. 48, 157-164 
(1996). 

R. Z. German et al., Dysphagia 26, 97-98 (2011). 


ACKNOWLEDGMENTS 


For full acknowledgments, please see the supplementary 
materials. Author contributions: Acquisition of fossils: C.-F.Z.; 


aboratory study of fossils: T.M., C.-F.Z., and Z.-X.L.; 
comparative data acquisition: B.-A.S.B., C.-F.Z., A.I.N., and 
Z.-X.L.; CT analysis and graphic presentation: A.I.N.; 
development of comparative analysis: B.-A.S.B., Z.-X.L.; 
axonomy and phylogenetics: Z.-X.L., T.M.; logistic coordination: 
T.M. and Z.-X.L.; project design: Z.-X.L., T.M., C.-F.Z., and 
B.-A.S.B. Competing interests: The authors declare no 
competing interests. Data and materials availability: The 
holotype is accessioned in the Paleontological Museum of 
Liaoning (PMOL), China; comparative data and phylogenetic 


datasets are provided in the supplementary materials. 


SUPPLEMENTARY MATERIALS 


science.sciencemag.org/content/365/6450/276/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. Sl to S12 

Tables S1 to S3 

References (32-151) 

Movies S1 and S2 


29 July 2018; accepted 12 June 2019 
10.1126/science.aau9345 


4 of 4 


6102 ‘8k Ain uo /Bio'Beweduelns'eoua!0S//:d}}y Woy peapeojuMOq 


RESEARCH 


NATURAL PRODUCTS 


Use of a scaffold peptide in the 
biosynthesis of amino acid-derived 


natural products 


Chi P. Ting’, Michael A. Funk?*, Steve L. Halaby**, Zhengan Zhang”, 
Tamir Gonen**}, Wilfred A. van der Donk””*+ 


Genome sequencing of environmental bacteria allows identification of biosynthetic gene 
clusters encoding unusual combinations of enzymes that produce unknown natural 
products. We identified a pathway in which a ribosomally synthesized small peptide serves 
as a scaffold for nonribosomal peptide extension and chemical modification. Amino acids 
are transferred to the carboxyl terminus of the peptide through adenosine triphosphate 
and amino acyl-tRNA-dependent chemistry that is independent of the ribosome. Oxidative 
rearrangement, carboxymethylation, and proteolysis of a terminal cysteine yields an amino 
acid-derived small molecule. Microcrystal electron diffraction demonstrates that the 
resulting product is isosteric to glutamate. We show that a similar peptide extension is 
used during the biosynthesis of the ammosamides, which are cytotoxic pyrroloquinoline 
alkaloids. These results suggest an alternative paradigm for biosynthesis of amino 


acid-derived natural products. 


acteria produce many small-molecule nat- 

ural products that play important roles in 

communication, symbiosis, and competi- 

tion (J). Historically, these compounds have 

been discovered by activity-based screens. 
An alternative avenue for their discovery starts 
with identification of their biosynthetic gene 
clusters, now that bacterial genomes have revealed 
the tremendous diversity of natural products that 
remain to be discovered (2). In this study we 
focus on a group of biosynthetic gene clusters 
for which the final products were not known 
and could not be predicted. 

Ribosomally synthesized and posttranslation- 
ally modified peptides (RiPPs) (3) include lanti- 
biotics and thiopeptides that are used in food 
and agriculture (4). They are biosynthesized from 
a precursor peptide consisting of a leader peptide 
that serves as a recognition motif for the bio- 
synthetic enzymes and a core peptide that is 
converted to the final product. During their mat- 
uration, Ser and Thr residues are glutamylated 
by LanB enzymes through a glutamyl-tRNA- 
dependent mechanism (5, 6). Subsequently, the 
glutamate is eliminated to generate dehydroamino 
acids (Fig. 1A). A survey of >100,000 publicly 
available bacterial genomes revealed more than 
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600 genes that encode LanB-like proteins in 
which the elimination domain is not present 
within the cluster or genome. 

In the plant pathogen Pseudomonas syringae 
pv. maculicola ES4326, such a protein (TgIB) is 
encoded near an open reading frame for a 50- 
amino-acid peptide (TglA) (Fig. 1B). Coexpression 
of His,-TglA and -TgIB in Escherichia coli and 
subsequent purification of the peptide demon- 
strated an increase in mass by 103 Da (Fig. 1C). 
This increase is inconsistent with glutamylation 
but could be the result of condensation with a 
cysteine residue. High-resolution tandem mass 
spectrometry (MS/MS) analysis of the peptide 
suggested that the adduct was attached to the 
C-terminal alanine instead of the anticipated 
ester linkage to a Ser in the peptide (Fig. 1D). 
We expressed TglA and TglB individually as Hisg- 
tagged proteins and purified them. In vitro in- 
cubation with Cys, ATP, tRNA“, and Cys tRNA 
synthetase (CysRS) resulted in the same product 
(TglA-Cys) (Fig. 2A) as that isolated from co- 
expression in £. coli, confirming that TglB adds a 
Cys to the C terminus of TglA in a tRNA- 
dependent manner (fig. S1A). This C-terminal 
peptide extension not only constitutes a previ- 
ously unknown posttranslational modification 
but also seems counterintuitive, because a more 
logical route to the product would entail a Cys 
encoded by iglA. We next purified Cys-tRNAC 
and showed that TglB does not transfer the Cys 
to the C terminus of TglA unless ATP is present, 
which is converted to ADP and phosphate (fig. 
S1B). Performing the reaction in buffer made 
with H,'80 and subsequent MS analysis dem- 
onstrated that the product contains one 0 
atom (fig. SIC), and addition of hydroxyl amine 
to the assay mixture allowed trapping of 
C-terminally activated TglA as the hydroxamate 
(fig. SID). These findings are consistent with ac- 
tivation of the C terminus of TglA by phospho- 


rylation, subsequent amide bond formation with 
the amino group of Cys-tRNA, and release of the 
tRNA by hydrolysis (fig. SIE, mechanism 1). The 
observations rule out the use of the activated ester 
of Cys-tRNA for the nonribosomal peptide ex- 
tension (fig. SIE, mechanism 2). Tg]B accepted 
a 12-mer peptide corresponding to the C ter- 
minus of TglA as a minimal substrate (fig. SIF), 
and kinetic experiments showed that TglB has a 
turnover of 28 min” in the presence of full-length 
TglA (fig. S1G). 

We next interrogated the other proteins en- 
coded in the biosynthetic gene cluster. TglH has 
low homology to a structurally characterized 
dinuclear nonheme iron-dependent protein for 
which no activity has been reported (7). The 
C-terminal domain of TglI has homology with 
known leader peptide-binding domains in RiPP 
biosynthetic enzymes (Fig. 1B) (5, 8). We co- 
expressed TglA with TglB, TglH, and TgllI in 
E. coli and isolated a product that was decreased 
in mass by 14 Da from TglA-Cys (fig. S2A). We 
treated the peptide with trypsin to generate a 
C-terminal tetrapeptide. Chemical assays with 
thiol- and carboxylate-reactive electrophiles in- 
dicated that the product still contained these 
functional groups (fig. S3), suggesting structure 
1 as the product of TglHI (Fig. 2A). We next re- 
peated this experiment but used an £. coli strain 
that is auxotrophic for Cys and that was grown in 
minimal medium supplemented with C-labeled 
Cys. Isolation of the peptide and analysis by MS 
showed that it is the cysteine B carbon that is 
removed (fig. S4). 

The biosynthetic cluster also contains a pair of 
genes (tglEF) encoding proteins similar to a re- 
cently characterized carboxy-S-adenosylmethionine 
(Cx-SAM) synthase and a Cx-SAM-dependent 
methyltransferase, respectively (9, 10). We added 
compound 1 to Cx-SAM and T¢glF in vitro and 
isolated product 2, with a mass increase of 58 Da 
(Fig. 2C), consistent with carboxymethylation of a 
thiol. This hypothesis was confirmed by treating 
the TglHI product with iodoacetic acid, which re- 
sulted in the same outcome, as did coexpression 
of TglABEFHI in E£. coli (fig. S2B). The in vitro- 
prepared peptide was treated with trypsin and 
the C-terminal tetrapeptide 3 was characterized 
by 'H nuclear magnetic resonance (NMR) spec- 
troscopy and tandem MS, which supported struc- 
ture 2 for the TgIF product (Fig. 2A and fig. $5). 
Given the unusual architecture, we also chemi- 
cally synthesized peptide 3 as two diastereomers 
(supplementary materials and methods) and dem- 
onstrated that the 'H NMR spectrum of one isomer 
was identical to that of the enzymatic product (fig. 
S5). We tried to obtain crystals to assign the stereo- 
chemistry of either isomer and made several 
chemical derivatives but were unable to obtain 
crystals for X-ray diffraction. 

We next turned to the cryo-electron micros- 
copy (cryo-EM) method microcrystal electron 
diffraction (MicroED) (77-13). A small amount 
of powder of the diastereomer that eluted first 
during high-performance liquid chromatogra- 
phy purification was placed onto an EM grid, 
plunged into liquid nitrogen, and investigated 
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under cryogenic conditions in an electron micro- 
scope. The seemingly amorphous powder con- 
tained numerous nanocrystals on the grid that 
were suitable for MicroED analysis, each con- 
sisting roughly of femtograms of material that 
diffracted to ~1-A resolution. MicroED data were 
collected from each nanocrystal, but the sample 
was highly susceptible to beam damage such 
that no useful diffraction was observed after the 
first few frames of the MicroED movie. Despite 
collection of >150 datasets on a complementary 
metal oxide semiconductor-based CetaD camera, 
nanocrystals succumbed to radiation damage too 
fast, preventing structure determination. It is pos- 
sible that the peptide was particularly susceptible 
to damage because of the 3-thiaglutamate, con- 
sistent with an earlier study that showed that 
radiation damage is particularly prevalent at Cys 
residues (14). We then turned to the Falcon III 
direct electron detector, one of the most sensitive 
cameras for cryo-EM that was recently demon- 
strated to be suitable for MicroED data collection 
and structure determination and that minimizes 
radiation damage because of its high sensitivity 
and high frame rate (15). Atomic resolution data 
from seven nanocrystals were collected, each cov- 
ering an angular range of ~50° before damage 
was observed. Data from five nanocrystals were 
merged to yield a 96% complete dataset to 1.0-A 
resolution, and the structure was determined by 
direct methods (Fig. 3; PDB 6PO6; EMD-20411 
crystallographic data in table S3 and supplemen- 
tary materials and methods). The atomic resolution 
MicroED structure revealed the p configuration of 
the 3-thiaGlu in this peptide (D-3), which in turn 
provided the stereochemical assignment for L-3, 
which coelutes with and has the same spectral 
data as the enzymatic product. These results dem- 
onstrate that the TglHI-catalyzed reaction occurred 
with retention of configuration at the a carbon 
(Fig. 3, B to D). These findings highlight the 
utility of MicroED to determine the structure and 
stereochemistry of a previously unknown natural 
product. Thus, collectively, TgIBEFHI convert TglA 
into a peptide containing L-3-thiaglutamate at 
its C terminus (TglA-thiaGlu; 2 in Fig. 2A). 
We next investigated the TglHI-catalyzed re- 
action with purified proteins. Neither protein 
could be expressed in soluble form individually, 
but coexpression resulted in copurification and 
metal analysis indicated TglHI contained 2.5 Fe. 
In vitro TglHI converted TglA-Cys to 1 under 
aerobic conditions with a turnover of 1.1 min™ 
(Fig. 2B), whereas under low oxygen concentra- 
tions product formation was negligible, confirm- 
ing oxygen dependency of the reaction (fig. S6A). 
To investigate if TgIHI can functionalize inter- 
nal cysteine residues, the extension mutant TglA- 
CysAla was prepared. This peptide was not 
modified by TglHI (fig. S6B). TglHI also did 
not modify other unrelated peptides that end 
in Cys (fig. S6C), and N-terminal truncation of 
TglA-Cys led to diminished or abolished TglHI 
activity (fig. S6D). Thus, the enzyme has high 
specificity for TglA-Cys. To identify the fate of 
the lost carbon atom, ‘C-labeled TglA-Cys was 
reacted with TglHI, and formate was observed 
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by C NMR spectroscopy (Fig. 3E). Moreover, 
when [2,3,3,"H"]Cys was used, the product con- 
tained one deuterium, illustrating that the o 
hydrogen is likely not removed during the trans- 
formation (fig. S4D). Thus, TglHI catalyzes a net 
four-electron oxidation of TglA-Cys, modifying 
the redox states of both the a and £ carbons of 
the C-terminal cysteine installed by TglB. Based 
on the in vitro studies, we propose a mechanism 
for the formation of 1 and formate from TglA-Cys 


Na LanB NE 
oO N-terminal 
R=H, Ser domain 
R = Me, Thr 
B C DEF GA 


R OH ; j R 


(fig. S7). The chemistry catalyzed by TglHI ex- 
pands the range of posttranslational modifications 
in natural product biosynthesis (16) to include a 
remarkable excision of a methylene group from 
cysteine. Additional TglHI-like enzymes are en- 
coded in the genomes (fig. S8), including in the 
biosynthetic gene cluster for methanobactin (J7-19). 

The last four genes in the biosynthetic clus- 
ter encode a putative membrane-bound protease 
(TglG), a putative pyridoxal-phosphate-dependent 
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Fig. 1. Function of a small LanB enzyme, TgIB, found in P. syringae. (A) LanB enzymes 


glutamylate Ser/Thr residues and subsequently e 


liminate the glutamate to form dehydroamino 


acids. Small LanB proteins lack the elimination domain. Dha, dehydroalanine; Dhb, dehydrobutyrine. 
(B) Biosynthetic gene cluster in P. syringae that encodes a small LanB (TgIB). (©) Matrix-assisted 

laser desorption ionization with time-of-flight (MALDI-TOF) mass spectra of TgIA coexpressed with 
TglB. (D) Analysis of the TgIB product by electrospray ionization—tandem MS (ESI-MS/MS). 
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Fig. 2. The cysteine added by TgIB is modified by other enzymes encoded by the tg! cluster. 
(A) Inferred biosynthetic pathway toward 3-thiaglutamate. (B) MALDI-TOF mass spectrum of in vitro 
reaction of TglHI with TglA-Cys. (©) MALDI-TOF mass spectrum of in vitro reaction of TgIF with 
compound 1. Color coding of shaded peaks in (B) and (C) is shown in (A). 


enzyme (TgIC) that is sometimes missing in ho- 
mologous clusters, and two putative transporters 
(TglD and TelJ). Like TgIB and Tell, TglG contains 
a RiPP leader peptide recognition motif, suggest- 
ing that it will act on a TglA-derived peptide (Fig. 
1B), and homologous enzymes have cytoplasmic 
active sites (20). When TglA-thiaGlu was exposed to 
the membrane fraction of cell lysate of E. coli ex- 
pressing green fluorescent protein-tagged TglG, 
the peptide was cleanly converted into TglA (fig. S9). 
TglA-Glu was also a substrate, but TglA-GluAla 
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was not, illustrating that the protease cannot 
distinguish Glu and 3-thiaGlu but does not tol- 
erate extension of the peptide. Thus, TglA appears 
to be a scaffold on which 3-thiaGlu is assembled 
and final proteolytic release regenerates TglA 
for another round of biosynthesis (Fig. 2A). Were 
cysteine merely encoded by ég/A, then each ri- 
bosomally produced peptide could make only a 
single 3-thiaglutamate. Instead, the use of TglA 
as a scaffold peptide is conceptually more effi- 
cient than the stoichiometric use of leader pep- 


tide in other RiPP pathways (4). At present we do 
not know the function of 3-thiaGlu, nor whether 
this unstable compound is further chemically 
modified. Plants were recently shown to use Glu 
for a systemic signaling response to pathogens 
(21), and it is possible that 3-thiaGlu or a product 
derived from it interferes with Glu signaling 
similarly to other antimetabolite toxins made 
by P. syringae that block jasmonate and ethylene 
signaling pathways (22). 

We note that 3-thiaGlu is not a RiPP, because 
it is not ribosomally synthesized, but it is made 
by posttranslational modification reactions. Per- 
haps this unusual pathway evolved because of 
the significant relative burden of leader peptide 
production for a single amino acid product. Bio- 
informatic prediction of TglA transcriptional reg- 
ulation (23) suggests that precursor production is 
not driven by a separate promoter, which is con- 
sistent with putative catalytic use of the peptide 
(fig. S10). This contrasts with most RiPP path- 
ways in which expression of the substrate pep- 
tide is controlled by its own promoter followed 
by a readthrough transcriptional terminator to 
allow the precursor peptide to be present in ex- 
cess over the biosynthetic machinery (24, 25). 

It is the Cys-tRNA-dependent enzyme TgIB 
that allows the proposed catalytic use of TglA. 
Similar small LanB-encoding genes are found 
in several bacterial phyla, with some clusters 
encoding multiple such proteins and a range of 
additional putative modification enzymes (fig. 
S11). To assess the generality of the function of 
small LanB proteins and provide further sup- 
port for a catalytic role of the scaffold peptide, 
we investigated ammosamide biosynthesis. A 
previous study of these Trp-derived pyrrolo- 
quinoline natural products (Fig. 4A) hinted that 
the compounds could be derived from a small 
peptide, AmmA ending in Trp, encoded in the 
gene cluster (Fig. 4B) (26). However, when this 
Trp was mutated to Ser or deleted altogether, 
ammosamide was still produced (26). The 
ammosamide gene cluster encodes four small 
LanB proteins. We tested all four for activity 
in vitro and in £. coli with AmmA (previously 
annotated Amm6) and AmmA lacking the 
C-terminal Trp, but we observed no activity. We 
noted that AmmA has homology with other 
peptides encoded in clusters with small LanB 
proteins (Fig. 4B) but that AmmA appears to 
have a C-terminal extension. When we removed 
this extension, AmmB2 (previously annotated 
Amm39), but not the other three AmmB proteins, 
added a Trp in a Trp-tRNA-dependent fashion 
to the C terminus of the peptide in vitro and 
in E. coli (Fig. 4C). This finding explains the 
observation that mutation or deletion of the 
C-terminal Trp still resulted in ammosamide 
production and supports catalytic use of the 
peptide. Such use provides an attractive ex- 
planation for the 134 mg/L of ammosamide 
C generated by the producing bacterium (26), 
because stoichiometric use would require pro- 
duction of 3.0 g of AmmA. Given this second 
example of tRNA-dependent activity, we sug- 
gest the name peptide-amino acyl tRNA ligase 
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Fig. 3. In vitro TgIHI reacts with 
13¢-labeled TglA-Cys to produce 
13¢-formate and compound 1 with 
retention of configuration. 

(A) Diffraction pattern of D-3 with 
resolution ring at 0.9 A. (B) Atomic 
MicroED structure of D-3 determined 
at 1.0-A resolution. (C) Structure of 
chemically synthesized tetrapeptides 
(VFA-thiaGlu) containing D-thiaGlu 
(D-3) and L-thiaGlu (L-3). (D) Deter- 
mination of stereochemical 
configuration of thiaGlu by compari- 
son with synthetic standards. High- 
performance liquid chromatograms 
are shown. VFA-thiaGlu was obtained 
by TglHI modification of TglA-Cys 
and then 2-iodoacetic acid alkylation 
and trypsin digest. (E) *C NMR 
spectra showing the B carbon of the 
C-terminal cysteine in C-labeled 
TglA-Cys (26.3 ppm; top), and a new 
signal at 171.0 ppm that corresponds 
to °C-formate after reaction with 
TglHI (bottom). 


Fig. 4. Ammosamide bio- 
synthesis involves addition of 
L-Trp to the C terminus of a 
ribosomally synthesized 
peptide. (A) Pyrolloquinoline 
alkaloid ammosamides A to C. 
(B) Sequence alignment of the 
C terminus of the AmmA pre- 
cursor peptide and its homologs, 
showing a C-terminal extension 
for AmmA relative to most 
homologs. The gene cluster for 
ammosamide biosynthesis in 
Streptomyces sp. CNR698 com- 
prises 27 open reading frames. 
The encoded proteins include 
four small LanBs, two proteases, 
one halogenase, and a trans- 
porter. (©) AmmB2 adds L-Trp to 
AmmA%*, a truncated peptide of 
AmmA, to afford AmmA*W in 
vitro in an ATP-, tRNA™P-, and 
Trp-RS—dependent reaction. The 
red MALDI-TOF mass spectrum 
is AmmA*, and the blue 
spectrum shows the product of 
the reaction. High-resolution 
ESI-MS/MS confirmed addition 
of L-Trp to the C terminus. 
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(PEARL) for the small LanB proteins. The bio- 
synthesis of a metabolite on a small peptide scaf- 
fold is uncommon, with the closest similarity 
found in the biosynthesis of amino acids linked 
by isopeptide bonds to a glutamate residue on 
amino-carrier proteins in some bacteria (27, 28). 
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Seasonal to multiannual marine 
ecosystem prediction with a 
global Earth system model 


Jong-Yeon Park”’?*+, Charles A. Stock?+, John P. Dunne’, 


Xiaosong Yang”, Anthony Rosati” 


Climate variations have a profound impact on marine ecosystems and the communities 
that depend upon them. Anticipating ecosystem shifts using global Earth system models 
(ESMs) could enable communities to adapt to climate fluctuations and contribute 

to long-term ecosystem resilience. We show that newly developed ESM-based marine 
biogeochemical predictions can skillfully predict satellite-derived seasonal to multiannual 
chlorophyll fluctuations in many regions. Prediction skill arises primarily from successfully 
simulating the chlorophyll response to the El Nifto—Southern Oscillation and capturing 
the winter reemergence of subsurface nutrient anomalies in the extratropics, which 
subsequently affect spring and summer chlorophyll concentrations. Further investigations 
suggest that interannual fish-catch variations in selected large marine ecosystems can 
be anticipated from predicted chlorophyll and sea surface temperature anomalies. This 
result, together with high predictability for other marine-resource—relevant biogeochemical 
properties (e.g., oxygen, primary production), suggests a role for ESM-based marine 
biogeochemical predictions in dynamic marine resource management efforts. 


he incorporation of biogeochemical pro- 

cesses into global climate models has trans- 

formed them into Earth system models 

(ESMs) that aspire to holistically represent 

the interacting physical, chemical, and bio- 
logical processes shaping global carbon and nut- 
rient cycles (7). Unlike physical climate models, 
ESMs can explore feedbacks between global 
change and carbon fluxes within and between 
terrestrial, ocean, and atmospheric reservoirs 
(2-4). For oceans, ESMs have further provided 
outlooks for marine-resource-relevant changes 
beyond warming, including ocean acidification, 
deoxygenation, and changing ocean productivity 
(5-7). 

Although knowledge of potential multidecadal 
marine resource shifts associated with climate 
change is strategically vital, these trends underlie 
often irregular seasonal to interannual climate 
and marine resource variations. Failure to anti- 
cipate such fluctuations has been a major con- 
tributor to past fisheries collapses (8). The desire 
to sustain marine resources subject to climate- 
driven fluctuations and change has prompted 
efforts toward more dynamic, environmentally 
informed marine resource decisions (9), including 
integration of seasonal to multiannual physical 
climate forecasts into management frameworks 
(10-12). Whereas the reliability of physical pre- 
dictors alone for anticipating marine ecosystem 
responses is often limited (13), recent observa- 
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tions and idealized modeling studies suggest that 
biogeochemical drivers (e.g., acidity, oxygen, pri- 
mary production) may be more predictable than 
their physical counterparts (14). 

The development of seasonal to interannual 
marine biogeochemical predictions has been 
impeded by diverse challenges. These include 
difficulties associated with the integration of bio- 
geochemical models with ocean data-assimilation 
systems used for forecast initialization (15-17), 
uncertainty in both physical and biogeochemical 
model structure (18), limited availability of and 
difficulties associated with assimilating biogeo- 
chemical data (19, 20), and the large computa- 
tional cost of retrospective forecast experiments 
required to rigorously assess biogeochemical pre- 
diction skill. As a result, studies of global bio- 
geochemical prediction have relied upon limited 
reforecast experiments and idealized configura- 
tions distinct from those used for operational 
seasonal to multiannual physical climate predic- 
tions (14, 21). 

In this study, we present results from 2-year 
global biogeochemical forecasts initialized on 
the first of each month between 1991 and 2017. 
Each prediction has 12 ensemble members, creat- 
ing a database of nearly 4000 forecasts and 8000 
simulation years. The prediction system was con- 
structed by integrating the Carbon, Ocean Bio- 
geochemistry and Lower Trophics (COBALT) 
marine biogeochemical model (22) with seasonal 
to multiannual climate predictions from the Geo- 
physical Fluid Dynamics Laboratory’s (GFDL) 
CM2.1 climate model (23). CM2.1 has been shown 
to skillfully recreate primary modes of natural 
climate variability (24) and has been applied 
extensively to study seasonal and multiannual 
climate prediction (25, 26). The physical initial- 
ization for CM2.1 forecasts was based on GFDL’s 


ensemble-coupled data assimilation (ECDA) sys- 
tem (27). For the biogeochemical initialization, 
COBALT was integrated with the data-assimila- 
tive ocean physics following a strategy that care- 
fully avoids spurious vertical motions that can 
degrade biogeochemical simulations (75). This 
integration resulted in substantial reductions 
of biogeochemical biases relative to nonassimi- 
lative simulations (75, 22). The resulting ocean- 
state estimate captures large-scale sea surface 
temperature (SST) and chlorophyll variations 
(figs. S1 to S4). 

Predictions were assessed against 20 years of 
satellite-derived chlorophyll estimates (28), which 
offer a near-global, continuous, multidecade time 
series of ocean ecosystem anomalies. Chlorophyll 
has also been found to be a robust indicator of 
cross-ecosystem (29) and, in some places, inter- 
annual fish-catch variations (30). Ensemble mean 
predictions are drift corrected with a lead- 
dependent monthly forecast climatology from 
the 27-year ensemble mean forecasts (see the 
materials and methods in the supplementary 
materials for further details). 

The global marine biogeochemical prediction 
system produces skillful chlorophyll predictions 
one season in advance in many ocean regions 
(Fig. 1A). Significant chlorophyll prediction skill 
above that of a persistence forecast extends 
beyond 1 year in some regions (Fig. 1, B to F, 
and fig. S5). Although skill varies by region and 
initialization month, characteristic patterns em- 
erged for tropical and extratropical regions. In 
the tropical Pacific (Fig. 1B), prediction skill is 
limited to maximum leads of 12 months, with 
peak skill for fall/winter forecasts and reduced 
skill for boreal spring predictions. This pattern 
closely resembles the El Nifio-Southern Oscilla- 
tion (ENSO) SST prediction skill (fig. S6) and is 
consistent with prediction of ENSO-associated 
nutricline variations, which peak in boreal win- 
ter but have a weak boreal spring signal (31, 32). 
Strong negative and positive winter chloro- 
phyll anomalies are tightly linked to El Nifio 
and La Nifia events, respectively (Fig. 2A). This 
relationship also holds for the tropical Indian 
Ocean (Fig. 2B), which is subject to a lagged 
ENSO signal carried into the Indian Ocean 
through atmospheric teleconnections (33). 

Chlorophyll predictions in extratropical sys- 
tems are characterized by alternating predict- 
able and unpredictable forecast windows (Fig. 1, 
D to F; note diagonal bands of alternating high- 
and low-anomaly correlation coefficients). In the 
subtropical to temperate North Atlantic (Fig. 1D), 
chlorophyll anomalies are not predictable in 
winter but are predictable during the productive 
spring, summer, and fall (i.e., the growing sea- 
son). Furthermore, prediction skill remains evi- 
dent through two growing seasons with leads up 
to 24 months. This skill results from successfully 
simulating the persistence of initial subsurface 
nutrient anomalies across seasons and success- 
fully simulating the subsequent impact of these 
anomalies on surface chlorophyll. Winter nitrate 
(NO3) anomalies linked to North Atlantic Os- 
cillation (NAO)-driven wind anomalies (fig. S7) 
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Fig. 1. Prediction skill in 
reproducing observed 
variations of monthly chloro- 
phyll anomaly. (A) Chlorophyll 
prediction skill measured by the 
mean monthly anomaly corre- 
lation coefficient (ACC) 
between predicted and 
observed (satellite) chlorophyll \ 
at a 1- to 3-month lead time 
during the period 1997-2017. 
Stippled areas indicate that the 
correlation is significantly 
greater than O with 95% confi- 
dence. Areas with less than 


A_ Chlorophyll Prediction Skill (Lead Time: 1-3 mon) 


D North Atlantic 


— 


E South Pacific F North Pacific 


80% satellite chlorophyll cov- 
erage are masked in gray. 

(B to F) Chlorophyll prediction 
skill as a function of forecast 
initialization month (x axis) 
and lead time (y axis) in the 
Tropical Pacific (170°E-100°W, 
10°S-10°N), Indian (55°E-95°E, 
25°S-O°S), North Atlantic 
(70°W-20°W, 25°N-40°N), 
North Pacific (170°E-130°W, 
25°N-45°N), and South Pacific 
(170°W-100°W, 35°S-15°S) 
oceans. Circles indicate sig- 
nificant (P < 0.05) prediction 
skill: White circles indicate 
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that the chlorophyll forecast skill from the biogeochemical prediction system exceeds the persistent forecast skill; gray circles indicate 
that the skill of the biogeochemical forecast is significant, but it is not significantly better than a persistence forecast. Three-month running 
mean anomalies are used for the calculation of ACCs. 


remain evident beneath the mixed layer during 
summer and reemerge when the mixed layer 
deepens during the subsequent fall and winter 
(Fig. 3A). High-NO; anomalies then lead to ele- 
vated chlorophyll during the following growing 
season (Fig. 3B). A composite of high- versus low- 
chlorophyll years (fig. S8) confirms that high- 
NOs anomalies are associated with enhanced 
NO;-based spring phytoplankton production, 
followed by enhanced ammonium-based (i.e., re- 
cycled) production during the summer and fall. 
This chlorophyll reemergence pattern resembles 
the mechanism for predicting midlatitude SST 
anomalies (34) but, unlike the predictable SST 
signal, which occurs after the breakdown of sum- 
mer stratification, the predictable chlorophyll sig- 
nal occurs during the stratified period. 

Other extratropical areas exhibit variations on 
the basic reemergence mechanism illustrated for 
the North Atlantic. The South Pacific reemer- 
gence signal remains exceptionally strong through 
2 years (Fig. 1E; Fig. 3, C and D; and fig. S9). In 
the North Pacific, prediction skill is weaker and 
limited in spatial extent (Fig. IF; Fig. 3, E and F; 
and fig. S10). This may reflect a greater role of 
atmospheric iron deposition in the North Pacific 
masked by our current use of a constant depo- 
sition climatology (22) or stronger stochastic 
atmospheric forcing causing irregular and spa- 
tially less homogeneous chlorophyll fluctuations 
relative to other regions (35). 
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Successful prediction of chlorophyll anomalies 
in some regions across multiple years gives cause 
for optimism concerning the utility of biogeo- 
chemical predictions for marine resource appli- 
cation. As a proof of concept, we considered the 
capacity to anticipate interannual fluctuations in 
aggregate fish catch using predicted chlorophyll 
and SST, two known “bottom-up” drivers of fish 
catch (12, 29, 30). We assessed predictions in 
coastal large marine ecosystems (LMEs, fig. S11) 
accounting for over 95% of global fish catch (36). 
Annual mean fish-catch data were obtained from 
the Sea Around Us project (37). Despite coarse 
ocean grids that limit resolution of coastal circu- 
lation and ecosystem processes, global climate pre- 
diction systems have significant SST-forecasting 
skill for many LMEs (38, 39), and our results 
show that this also holds for interannual chloro- 
phyll anomalies (fig. S12). 

We assessed the potential for biogeochemical 
predictions to inform interannual fish-catch fluc- 
tuations in a subset of LMEs based on three con- 
ditions. First, we identified LMEs in which past 
interannual catch fluctuations are significantly cor- 
related with observed SST or chlorophyll anom- 
alies over the retrospective forecast period. We 
considered both concurrent and 1-year-lagged 
relationships. The concurrent relationship tests 
for rapid catch responses such as immigration 
during favorable conditions. A 1-year lag allows 
for propagating environmental effects such as 


recruitment of short-lived species. Whereas longer 
lag responses between environmental drivers 
and ecosystem responses are possible (40, 41), 
contemporaneous or short lag signals have pro- 
ven to be the most tractable for management- 
driven forecasts (42) and are of primary interest 
for assessing the utility of the interannual bio- 
geochemical predictions herein. Twenty-five out 
of the 54 heavily fished LMEs considered satis- 
fied this first condition (Fig. 4 and figs. $13 and 
$14). The absence of a significant relationship 
in 29 LMEs does not imply that there are no 
“bottom-up” constraints on these systems, only 
that a relationship between interannual aggre- 
gate catch and SST or chlorophyll anomalies 
could not be discerned over the retrospective 
forecast period. 

Second, we subselected LMEs for which the 
global biogeochemical prediction system could 
predict observed annual mean SST or chlorophyll 
anomalies with significant skill. Such cases were 
ubiquitous, with 38 of 54 LMEs satisfying this 
condition despite the model’s coarse ocean reso- 
lution (fig. S12). Fifteen of these LMEs also satis- 
fied our first condition (Fig. 4). 

Third, we subselected LMEs in which the 
bottom-up relationship was strong enough and 
environmental predictions were skillful enough 
to significantly explain the reported aggregate 
interannual fish-catch anomalies. Consistent 
with our first selection condition, predicted 
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fish catch is based on a simple linear regres- 
sion of catch anomalies against predicted envi- 
ronmental (SST, chlorophyll) anomalies with 
contemporaneous or 1-year-lagged relationships 
(see materials and methods). We focused on 


Fig. 2. Observed and 
predicted chlorophyll 


LMEs for which significant fish-catch relation- 
ships remained after detrending to reduce the 
potential of an erroneous attribution of fishing 
effort trends onto environmental factors. Six 
systems satisfied all three conditions (Fig. 4, 


A Trop Pacific 


anomalies in the 
tropical oceans. 

(A) Observed (black) 
and predicted (green) 
wintertime (December- 
January-February) 
normalized chlorophyll 
anomalies in the tropical 
Pacific (170°E-100°W, 
10°S-10°N). The predicted 
anomalies are 1 April- B 
initialized chlorophyll 


Chlorophyll 


1995 


2000 2005 2010 2015 


Indian Ocean 


predictions (i.e., forecast 
ead time is 9 to 

11 months). (B) Similar 
to (A) but for 1 April- 
initialized springtime 
February-March-April) 
chlorophyll anomalies 

in the Indian Ocean 
55°E=95°E, 25°S=0°S; 
i.e., forecast lead time is 


Chlorophyll 


1995 


Fig. 3. Reemergence of subsurface biogeo- 
chemical anomalies linked to chlorophyll 
prediction skill in the extratropical oceans. 
(A) Temporal evolution of 1 March-initialized 
NO3 anomaly prediction in the North Atlantic 
Ocean (70°W-20°W, 25°N-40°N). NO3 
anomalies are regressed onto predicted 

SON (September-October-November) surface 
chlorophyll concentrations during the following 
year. That is, positive values indicate that 
elevated NO3 at the specified time and 

depth are associated with elevated SON 
chlorophyll 18 to 21 months after the initializa- 
tion. The anomalies are 3-month running means. 
(B) Similar to (A) but for 1 March-initialized 
chlorophyll anomaly prediction. (C) and 

(D) are similar to (A) and (B), respectively, 

but for 1 March-initialized prediction in the 
south Pacific (170°W-100°W, 35°S-15°S) 
regressed onto 1 March-initialized July- 
August-September chlorophyll prediction 

of the following year. (E) and (F) are similar 

to (A) and (B), respectively, but for 1 February— 
initialized prediction in the North Pacific 
(170°E-130°W, 25°N-45°N) regressed onto 

1 February-initialized June-July-August 
chlorophyll prediction of the following 

year. Shaded areas represent the 95% 
confidence region. 
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table S1, and figs. S15 and S16): Gulf of Alaska, 
California Current, Humboldt Current, Canadian 
Eastern Arctic, Agulhas Current, and Somali 
Coastal Current systems (Fig. 4, lower panels). 
Four out of six LMEs exhibited significant 
fish-catch prediction skill for an additional year 
(i.e., at a 1- to 2-year lead time; Fig. 4, green 
lines). 

In the Gulf of Alaska LME, catch fluctuations 
covaried with predictable coastal SST variations 
associated with the Pacific Decadal Oscillation, a 
basin-scale mode of climate variability with di- 
verse fisheries links (38). In the California Cur- 
rent LME, the model predicts a recent observed 
chlorophyll increase off the Baja Peninsula that 
covaried with increased reported catch from this 
region (Fig. 4C). Weak ENSO imprints are also 
apparent, particularly a catch reduction after 
the 1997-1998 El Nino. This signal is more prom- 
inent in the Humboldt Current (Fig. 4D). In the 
Canadian Eastern Arctic LME, a predictable 
warming in the 1990s covaried with increasing 
northern prawn catches, both of which leveled 
off as temperatures stabilized in the 2000s (Fig. 
4E). This LME is toward the cold-water end of 
the northern prawn range (43), suggesting a 
favorable response to warming. More complex 
interactions with changing plankton dynamics, 
however, cannot be ruled out (43). 

In the Indian Ocean, increasing Agulhas LME 
catch between 1996 and 2004 corresponds to 
the increased prominence of the sardine fishery 
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(44). Although debate over the cause of this in- 
crease remains, its consistency with a lagged 
chlorophyll relationship is suggestive of a recruit- 
ment link. Catch variations in the neighboring 
Somali Coastal Current are similar to those in 
the Agulhas, but the underlying characteristics of 
chlorophyll predictability are different. Agulhas 
anomalies follow a midlatitude reemergence pat- 
tern similar to that of the extratropical areas 
shown in Fig. 1, whereas the Somali system ex- 
hibits relatively limited chlorophyll prediction 
skill because of equatorial waves repeatedly trig- 


gered by ENSO and the Indian Ocean dipole (fig. 
S17) (45). In both the Agulhas and Somali sys- 
tems, annual fish catch was predictable up to 2 
to 3 years in advance using the 1-year-lagged 
relationship between catch and chlorophyll. 
Although only six LMEs met the most strin- 
gent criteria for skillful prediction of interan- 
nual catch anomalies from SST or chlorophyll, 
many notable relationships for individual climate- 
sensitive fish stocks may underlie aggregate catch 
relationships (fig. S18). More detailed accounting 
for fish-stock dynamics (42) and variations in 


fishing effort could also better isolate predict- 
able bottom-up signals (30). The prediction skill 
threshold at which forecasts become useful is 
fishery dependent, but recent management strat- 
egy evaluations suggest an elevated likelihood of 
utility for species with short prerecruit survival 
windows or strong environmental bottlenecks 
(12, 42). In addition, biogeochemical prediction 
systems can extend beyond SST and chlorophyll 
to include other potential drivers, including oxy- 
gen, acidity, net primary production (NPP), and 
zooplankton. Assessment of NPP predictions 
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E Canadian Eastern Arctic 
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Fig. 4. Potential utility of marine biogeochemistry prediction for 
annual fish-catch prediction. (A) All shaded LMEs represent regions 
where past annual fish-catch fluctuations are significantly correlated with 
observed bottom-up factors [i.e., SST or chlorophyll (CHL)]. Dark gray 
represents regions where the ESM-based prediction system can predict 
bottom-up forcing changes, and color shadings represent regions where 
the ESM-based prediction system can predict both bottom-up forcing 
changes and reported fish catch. Bottom-up factors and the time lag 
used for fish-catch predictions are shown near each predictable LME. 

(B to G) Reported (black lines) and predicted (colored lines) annual mean 
fish catches in (B) Gulf of Alaska, (C) California Current, (D) Humboldt 
Current, (E) Canadian Eastern Arctic, (F) Agulhas Current, and (G) Somali 
Coastal Current LMEs (unit: 10° tonnage). Predicted annual fish catches 
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G Somali Coastal Current 


Reported 
—®*— 0-1 Yr Lead 
—A— 1-2 Yr Lead 
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are based on the 1 January-initialized SST (for the Gulf of Alaska and 
Canadian Eastern Arctic systems) or chlorophyll (for other systems) 
predictions in the coming year (i.e., forecast lead time is O to 1 year; red 
ines) and the following year (i.e., forecast lead time is 1 to 2 years; 

green lines). In each LME, the time lag at which the maximum fish-catch 
prediction skill occurs is used for the fish-catch prediction. For example, 
the fish-catch predictor for Agulhas Current is the annual mean chlorophyll 
in the previous year, thus the observed annual mean chlorophyll in the 
previous year is used for the O- to 1-year lead-time forecast. Similarly, 

1 January-initialized chlorophyll predictions for the coming and following 
years are used for the 1- to 2-year and 2- to 3-year lead-time forecasts 

in the Agulhas Current system. Asterisks indicate the significant (P < 0.05) 
correlation between reported and predicted annual fish catches. 
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Fig. 5. Oxygen prediction in Oz 


the California Current LME as 
an example of extension to 
other biogeochemical stressor 
properties. Observed oxygen 
from the California Cooperative 
Fisheries Investigations 
(CalCOFI) program (black 

lines) and 1 January-initialized 
oxygen prediction for the coming 10 
year (O- to 1-year lead time; 
red line) and for the following year = 
(1- to 2-year lead time; green 

line). Dissolved oxygen shown 


[umol/kg] 


CalCOF I! 


Observed 
—e— O-1 Yr Lead 
—4— 1-2 Yr Lead 


1995 2000 2005 2010 2015 


here is the averaged value between the 200- and 500-m depth in the CalCOFI region. Asterisks 
indicate a significant (P < 0.05) correlation between observed and predicted oxygen. 


against satellite-based NPP algorithms suggests 
patterns of predictability similar to those of chlo- 
rophyll (fig. S19), whereas model-based assess- 
ments of the potential predictability of other 
drivers suggest that they may be more predict- 
able than chlorophyll or SST (fig. S20). For exam- 
ple, subsurface oxygen predictions that accompany 
the skillful California Current LME chlorophyll 
predictions highlighted in Fig. 4 were robust 
throughout our 2-year prediction horizon (Fig. 
5). Such lasting and predictable “biogeochemical 
memory” gives cause for further optimism con- 
cerning the benefit of extending physical climate 
predictions to marine biogeochemical predictions 
for marine resource management in a dynamic 
environment. 
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Technology, Chinese Academy of Sciences (SIBET CAS). BME Frontiers aims to serve as an effective platform for 


the multidisciplinary community of biomedical engineering. The journal will publish breakthrough research in the 
fields of pathogenic mechanisms as well as disease prevention, diagnosis, treatment, and assessment. 
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Nanoparticle Tracking Analyzer 

Analytik has launched ZetaView QUATT, with 
a multiwavelength video-tracking micro- 
scope for rapid analysis of size, concentra- 
tion, fluorescence, electrophoretic mobility, 
and subpopulations of individual nanoparti- 
cles. Using proprietary Nanoparticle Track- 
ing Analysis (NTA) technology, ZetaView in- 
struments can capture the Brownian motion 
of each particle in a video to determine its hydrodynamic diameter. 
Furthermore, following the movement of the particles in an applied 
electric field, the charge state of the particle surface (zeta potential) 
can be measured. Consequently, pattern parameters, such as intensity 
fluctuations, surface geometry, and particle and concentration, are 
recorded and can be used to distinguish subpopulations. ZetaView 
QUATT houses four different wavelength lasers, so one, two, or four 
different fluorophores or dyes with different excitation and emission 
spectra can be analyzed on the same sample, allowing calculation of 
biomarker ratios. The innovation of multiwavelength fluorescence- 
NTA also reduces total measurement times, minimizes the amount of 
sample required, and improves experimental reproducibility. 
Analytik 

For info: +44-(0)-1954-232776 

www.analytik.co.uk 


High-Performance Drosophila ChIP Kits 

Chromatrap offers the first commercial ChIP kit range dedicated to 
Drosophila (fruit fly). Benefiting from proprietary bead-free chromatin 
immunoprecipitation (ChIP) technology, these new kits deliver high- 
quality, ChIP-ready chromatin from as little as five Drosophila specimens 
and from a range of Drosophila tissues. The kit range now offers a single 
optimized Chromatrap kit with unique buffers and components for 
Drosophila chromatin extraction and ChIP. Incorporating correctly ori- 
ented capture proteins throughout the inert, filter-based ChIP technol- 
ogy, the new kits offer outstanding sensitivity that is especially important 
for detection of binding of low-abundance targets. Coupling these 
advantages with the well-documented benefits of bead-free ChIP assay 
technology provides researchers with an easy, sensitive workflow that 
can be completed in less than 5 h. The new Chromatrap range includes 
Drosophila UniqSeq, ChIP-Seq, Antibodies, and Primer Sets. 
Chromatrap 

For info: +44-(0)-1978-661144 
www.chromatrap.com/drosophila-chip-seq-range1 


T-Cell Functional Analytics Platform 

Berkeley Lights announces the launch of its Lightning optofluidic plat- 
form, which directly visualizes phenotype and function of thousands 

of T cells in days, to help scientists address challenges in developing 
cancer immunotherapies. Over the last decade, scientists have advanced 
their understanding of immune-cell function in many contexts, includ- 

ing cancer. However, progress has been slow, because identification of 
immune-cell functional signatures requires time-consuming processes 
that average individual cell behaviors and interactions. Using Berkeley 
Lights’ proprietary optofluidic technology, individual T cells can be loaded 
into NanoPen chambers with other cell types to assess cell-cell interac- 
tions, cell-surface phenotype, cytotoxicity, and cytokine secretion, yielding 
a more detailed picture of individual cell function within a population. The 
entire process is digitally recorded for visual confirmation of results and 
on-instrument data analysis. The platform is also designed to overcome 
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one of the major hurdles to most existing cellular assays—destruction of 
the cell during analysis—by enabling scientists to recover live cells after 
completion of functional assays. 

Berkeley Lights 

For info: 510-858-2855 

www.berkeleylights.com 


CRISPR-Based Mitochondrial DNA Depletion Kits 

Arbor Biosciences announces the launch of myNGS Guides MitoDeplete 
Kits as an introduction to their growing catalog of guide RNA pools for 
targeted sequencing applications. This new depletion system combines 
Arbor's massively parallel, high-fidelity oligo synthesis platform with best- 
in-class Cas enzymes for efficiently targeting unwanted molecules from 
NGS libraries. In-stock MitoDeplete catalog kits have been specifically 
designed and validated for human and mouse applications, while kits 
for other custom species can be designed and synthesized on demand. 
The kits are designed for use on any NGS library containing a significant 
percentage of mitochondrial DNA (mtDNA) molecules, such as ATAC- 
Seq (assay for transposase-accessible chromatin sequencing) libraries, 
which typically contain an abundance of mtDNA-derived molecules. 
CRISPR-based depletion with MitoDeplete delivers up to a 95% reduc- 
tion in mtDNA-derived molecules in a simple, single-step process, which 
translates into a 30%-70% savings in sequencing costs. 

Arbor Biosciences 

For info: 734-998-0751 

arborbiosci.com 


Biomarker Validation and Assay Development 

Immuno-Parallel Reaction Monitoring (iPRM) is a multiplexed LC/MS assay 
service that combines the specificity of mass spectrometry, the through- 
put of an immunoassay, and the power of multiplexing to accelerate the 
time-to-market of your drug and/or diagnostic test. Our iPRM services let 
you leverage the proteomic expertise of Cell Signaling Technology (CST) 
scientists and the established specificity and sensitivity of CST antibodies 
for streamlined assay development and reliable validation of your thera- 
peutic target(s). iPRM services enable you to seamlessly transition from 
biomarker discovery to biomarker validation; profile the impact of your 
drug across your choice of targets to determine on- and off-target effects; 
and quantify dozens of analytes in a single, complex biological sample 
with a high degree of confidence, sensitivity, and specificity. Learn more 
about iPRM services or consult with a CST in-house expert. 

Cell Signaling Technology 

For info: 877-678-8324 

www.cellsignal.com 


Mass Spectrometry Systems 

Waters offers two new high-resolution mass spectrometry systems. The 
Waters SELECT SERIES Cyclic IMS seamlessly integrates cyclic ion mobility 
(cIM) technology into a high-performance, research-grade time-of-flight 
mass spectrometer providing limitless experimental potential. Combin- 
ing novel ion mobility spectrometry (IMS) capability with significantly 
improved MS performance and enabling software, this platform allows 
researchers to unlock the potential in scientific discovery. The SYNAPT XS 
is anew, highly flexible, high-resolution mass spectrometer for R&D labs 
focused on discovery applications that need the greatest variety of ana- 
lytical strategies to tackle challenging questions. By providing increased 
flexibility through inlets and acquisition modes, the SYNAPT XS delivers 
greater freedom of analytical choice to support scientific creativity and 
technical success for any application. 

Waters Corporation 

For info: 800-252-4752 

www.waters.com 
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he School of Astronomy and Space Science of Nanjing 
University was established in March 2011, and its prede- 
cessor, the Department of Astronomy, was founded in 1952. 
It earns the longest history and high reputation among the 
astronomy departments in China. The School owns the 
national first-level key discipline of astronomy, consisting of two 
national second-level key disciplines: Astrophysics and Astrometry 
& Celestial Mechanics. It also consists of several laboratories, such 
as Key Laboratory of Modern Astronomy and Astrophysics of the 
Ministry of Education, Central Laboratory for Teaching, Solar Tow- 
er Laboratory, etc. During the previous National Primary Discipline 
Evaluations, astronomy discipline of Nanjing University always 
ranked Ist. 
The school has established a strong faculty consisting of both distin- 
guished senior scholars and a large number of young scholars. There 
are 50 faculty members, including 23 professors, with 4 Academi- 
cians of the Chinese Academy of Science, 4 Chang Jiang Scholars, 
1 Chief Scientist for the National Basic Research Program (973 
Program), 9 obtainers of National Outstanding Youth Funds and 9 
youth high-level talents. The percentage of young scholars under 
the age of forty-five is around 71%, which guarantees an exuberant 
momentum of development. 
Known as the “Whampoa Military Academy” in astronomical so- 
ciety, the school focused upon cultivation of excellent talents with 
international perspective and innovation ability. It has fostered more 
than 2000 graduated students, most of them have grown into leading 
experts, including 5 members of Chinese Academy of Sciences and 
a group of academic leaders in top-ranked Chinese and overseas 
universities and observatories. 
To conform with the frontier of modern Astronomy and Astrophys- 
ics, the school’s research targets at six influential fields, including 
(1) high-energy astrophysics, (2) physics of solar activity region, 
(3) galaxies and cosmology, (4) physics of planetary systems and 
exoplanet search, (5) theory of astrometry and astronomical refer- 
ence frame, and (6) deep space exploration and astrodynamics. The 
high-energy astrophysics research group studies supernovae and its 
remnants, gamma-ray bursts and their afterglows, compact stellar 
objects, and particle acceleration, all of which are related to the most 
violent explosions in our Universe. In particular, the school’s gam- 
ma-ray burst research is internationally well-recognized. The solar 
physics research group, aided with its unique spectrographic and im- 
aging telescope, studies the three-dimensional structure, the eruption 
mechanisms and the magnetohydrodynamic processes in various 
solar activities. The planet research group explores planet formation 
and evolution, and recently discovered a sizable sample of exoplanet 


candidates with the telescope at the South Pole. The astrodynam- 
ics research group plays a leading role in the dynamical theory of 
man-made satellites. In recent years, the school has won a series of 
national and provincial awards, such as the second class prize of the 
National Award of Natural Sciences. The works on high-precision 
measurement of the distance to the Perseus Spiral Arm and the study 
of X-ray flares in gamma-ray bursts were published in Science. The 
former was thought to open the new era of VLBI measurement of 
the Galactic structure, and was selected to the Top 10 Science and 
Technology Development of China’s Higher Education and Top 
10 News of Chinese Fundamental Research. Recently, the school 
spared no effort to construct the Time Domain Observatory in Tibet 
which is helpful to TESS mission, and will give star catalogues 
around North Ecliptic Pole. 

In the past four years, the school received a large number of grants 
(more than 85 million RMB) from both the NSFC and the industry. 
More than 120 papers were published per year and about 85 percent 
of them were in high quality journals, in particular one in Nature 
and 9 in Nature Series. In addition, the project of the Optical-NIR 
Solar Eruption Explore Telescope was awarded first class Ministeri- 
al Prize for Advances in Science and Technology as well as Top 10 
Science and Technology Achievements in Chinese Astronomy. 

In order to establish close collaboration between universities and 
observatories, in December 2012, Nanjing University, Peking Uni- 
versity, the University of Science & Technology of China, National 
Astronomical Observatories, and Purple Mountain Observatory 
co-founded the “Collaborative Innovation Center of Modern As- 
tronomy and Space Exploration”. Additionally, the school has led to 
finish a number of the strategic reports that guide the future devel- 
opment of Chinese Astronomy. It also serves as an active member 
in the scientific researches with national astronomical facilities such 
as LAMOST, FAST and the South Pole Observatory. Furthermore, 
the school explores the channels of cooperation with overseas part- 
ners to push forward the process of internationalization and has 
established steady cooperative relationship with over 20 top-level 
institutes in USA, UK, Australia, Japan, etc. To be more specific, the 
NJU-IRAM Collaboration has been established in December 2017, 
and the school signed the MoU with CfA in January 2018. Fruitful 
academic accomplishments and awards have been obtained owe to 
those vigorous exchanges with both domestic and outside world. 


Email: qulian@nju.edu.cn 
Website: http://enastronomy.nju.edu.cn/ 
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ScienceCareers 


UCLA 


Integrative Biology and Physiology 


The UCLA Department of Integrative Biology and Physiology invites applications for a tenure-track faculty 
position at the level of Assistant Professor or higher. We seek applicants working in the area of cardiovascular 
physiology who are committed to training the next generation of scientists and who embrace the concept 
of collaboration, which is a strength of our UCLA community. In addition, UCLA has a well-established 
cardiovascular theme (https://medschool.ucla.edu/cardiovascular). In the cover letter, please state how your 
research will synergize with existing research programs in the Department and within the broader campus 
community. The successful candidate will be expected to establish an internationally recognized, externally 
funded research program, in addition to participating in undergraduate and graduate teaching, training, and 
mentoring. The undergraduate teaching involves contributing to a team-taught core physiology course for 
undergraduates. The cardiovascular component of the course covers many topics including: cardiac anatomy, 
blood flow and vascular regulation, cardiomyocyte cell biology, myofilament organization and function, 
pacemaker activity, excitation-contraction coupling, electrocardiograms, pressure-volume relationships, 
parasympathetic and sympathetic control, Frank-Starling relationships, as well as basic principles of heart 
failure, arrhythmia, and atherosclerosis. The applicant is expected to teach the cardiovascular component 
within the course and to also adapt a growth mindset to teaching excellence as part of the academic mission. 
Junior faculty in the Department are supported with multiple, well-qualified mentors during their path to tenure. 


Please submit CV and statements of research, teaching, mentoring and contributions to equity, diversity, and 
inclusion. before September 15, 2019, to https://recruit.apo.ucla.edu/JPF04523. Competitive candidates 
will have a PhD or equivalent degree within the fields of biology. The faculty in the Department of Integrative 
Biology and Physiology embraces excellence in diversity and inclusion through the mentoring of under- 
represented students. Individuals with a history of mentoring students under-represented in the sciences are 
encouraged to apply and to describe their experience in a cover letter. Queries can be addressed to: Rachelle 
H. Crosbie, Chair of Integrative Biology and Physiology (rcrosbie@physci.ucla.edu). 


UCLA is California’s largest university, with an enrollment of nearly 38,000 undergraduate and graduate 
students. The Biosciences at UCLA has more than 300 faculty members, includes many top ten ranked 
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departments, and is consistently in the top ten in NIH funding. As a campus with a diverse student body, Waaas 


we encourage applications from women, minorities, and individuals with a history of mentoring under- 


represented groups in the sciences. 


The University of California is an Equal Opportunity/Affirmative Action Employer. All qualified 
applicants will receive consideration for employment without regard to race, color, religion, sex, sexual 
orientation, gender identity, national origin, disability, age or protected veteran status. For the complete 
University of California nondiscrimination and affirmative action policy, see: UC Nondiscrimination & 

Affirmative Action Policy. (http://policy.ucop.edu/doc/4000376/NondiscrimAffirmA ct) 
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>< Department of Pharmacology 
\ > / Yale University 


Assistant or Associate Professor of Pharmacology 


The Department of Pharmacology at Yale University School of Medicine 
invites applications for Assistant or Associate Professor positions in the tenure 
track. Applicants must have an M.D. and/or Ph.D. or equivalent degree and 
have demonstrated excellent qualifications in research and education. Areas 
of interest include studies of molecular function such as proteomics, chemical 
biology, structural biology (including electron microscopy), and computational 
biology in different areas of drug discovery, cell signaling, metabolism, genetic 
diseases, and epigenetic mechanisms. 


Responsibilities include establishing a vigorous and independently funded 
research program in cancer biology while supervising and mentoring students 
with diverse backgrounds plus contributing to the graduate and medical school 
educational missions. We seek individuals with strong records of independent 
creative accomplishments, who will interact productively with colleagues within 
the Department and across Yale School of Medicine. 


Pharmacology at Yale University has a rich history of pre-eminence in drug 
discovery, indeed the first cancer chemotherapy clinical trials were conducted 
here. Today, the research in our Department encompasses a broad range of 
fields, with researchers aiming to both understand and treat human disease, 
with particular strengths in drug discovery, integrative cell signaling, structural 
biology, and neuroscience. For more details, see https://medicine.yale.edu/ 
pharm. 


Please submit a letter describing qualifications, along with a CV, a two-page 
summary of current and proposed research, and three letters of reference to 
the following Interfolio website: apply.interfolio.com/65128. Consideration of 
applications will begin October Ist, 2019. Informal inquiries may be submitted 
electronically to Prof. Joseph Schlessinger, Chair of Pharmacology, c/o Nathan 
Kucera (nathan.kucera@yale.edu). 


Yale University is an Equal Opportunity/Affirmative Action Employer. We 
seek candidates who embrace and reflect diversity in the broadest sense. Yale 
values diversity among its students, staff, and faculty and strongly welcomes 
applications from women, persons with disabilities, protected veterans, and 
underrepresented minorities. 
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The Center for Musculoskeletal Research (CMSR: www.urme.rochester.edu/ 
musculoskeletal-research.aspx) at the University of Rochester Medical Center 
(URMC: www.urmce.rochester.edu) is recruiting candidates with expertise in 
musculoskeletal biology for tenure-track Assistant Professor positions. The 
successful candidates will benefit from a multidisciplinary musculoskeletal 
research community, a vibrant graduate program and state of the art infrastructure 
and core facilities at the University of Rochester. Competitive start-up packages 
are available. The CMSR has a strong track record and commitment to career 
development. 


Qualified candidates will hold PhD or MD/PhD degrees with an accomplished 
publication record who study areas relevant to musculoskeletal biology, 
including but not limited to genomics, cancer biology, cartilage biology, 
and aging. Candidates at the Assistant Professor level in the Department of 
Orthopaedics (www.urme.rochester.edu/orthopaedics) are preferred, although 
outstanding candidates at the Associate and Full Professor levels will be given 
full consideration, with commensurate expectations of research and funding 
accomplishment. Secondary departmental affiliations will be determined 
according to best fit. 


Center for MusculoSkeletal Research 


The scientific interests pursued in the CMSR include musculoskeletal 
development, biomechanics and regenerative biology, skeletal pathology, bone 
cancer, arthritis, osteoimmunology and infections, musculoskeletal stem cell 
biology and metabolism, tissue engineering and targeted cell- and drug-delivery, 
population health, and artificial intelligence/machine learning. 


Candidates with a strong record of accomplishments should submit a CV, 
statement of research interests/plans, PDFs of two or three key publications, 
and arrange for three reference letters to be sent to: Jaycee_Bristol@urmc. 
rochester.edu. Review of applications will begin upon receipt. 


The University of Rochester is an Equal Opportunity Employer and had a 
strong commitment to diversity and actively encourages applications from 
candidates from groups underrepresented in higher education. 
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Charitable Foundation 


The EGL Charitable Foundation 
invites you to apply to the 


Gruss Lipper Post-Doctoral 
Fellowship Program 


Eligibility 


e Israeli citizenship 


e Candidates must have completed PhD 
and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli 
University/Medical School or be in their 
final year of study 


e Candidates must have been awarded a 
postdoctoral position in the U.S. host 
research institution. 


Details regarding the fellowship are available 


at www.eglcf.org 
Application Deadline is September 29, 2019 


European Innovation Council (EIC) 
: Programme Managers 
= “Join the EIC and Make Europeans world 
Gove innovation leaders again!” 


You are passionate by radical new and emerging technologies that can 
lead to disruptive market-creating innovation? You have a vision for and a 
leading expertise in potential emerging breakthrough technologies in areas 
such as human-centric artificial intelligence; implantable autonomous 
devices; zero-emissions energy generation; future technologies for 
social experience; nanometrology; digital twins for the life-sciences; 
environmental intelligence? You have demonstrated creativity and 
determination to realise your vision within a compressed timeframe? 
You have multidisciplinary experience across academia and industry 
(including on finance), between the public and private sectors? You have a 
vast network and collaboration potential across the EU and beyond? You 
can steer and support teams, set reasonable milestones and seek results 
and impact? You have excellent written and oral communicating skills? 
You are a national of one the EU Members States? 


Then, we have just the position for you! The EC is recruiting its first 
five EIC Programme Managers for contracts of 3 to 4 years (an initial 
period up to the end of 2020, renewable once for an additional period of 
2 to 3 years) based in Brussels, to play an active role in the origination 
and management of projects supported by the Enhanced EIC pilot, an 
ambitious pilot of the forthcoming European Innovation Council (EIC) 
that will focus on detecting, nurturing, and scaling-up EU market-creating 
and disruptive innovation, from the idea down to market deployment 
and scale-up. 


Join us to help and accompany EU breakthrough — market creating 
inventors and innovators, who will generate jobs, strengthen our 
global competitiveness and improve our daily lives! 


Submit your candidature before 31 July 2019, 12:00 noon Brussels 
time. 


Find out more at the following address: https://europa.eu/!Mn87Nv 


Professor or Assistant 
Professor (Tenure Track) 
of Physics of Soils and 
Terrestrial Ecosystems 


> The Department of Environmental Systems 
Science (www.usys.ethz.ch) at ETH Zurich 
invites applications for the above-mentioned 
position focusing on (1) physical processes 
controlling water, energy, and/or mass fluxes 
in the subsurface and (2) their implications for 
biogeochemical processes, organisms and/or 
ecosystems. Candidates are expected to pursue 
a system-oriented research program linking 
physical and biological processes across a 
range of scales. A focus on forest systems and 
forested landscapes is particularly welcome. 


> The successful candidate is expected to have 
a strong background in soil physics, physical 
hydrology, geophysics, or related fields, to 

have an international track record in research 
(commensurate with the career stage], and to 
be a motivated and effective teacher. Teaching 
duties will include introductory and advanced- 
level courses in soil physics and environmental 
physics. In general, at ETH Zurich under- 
graduate level courses are taught in German or 
English and graduate level courses are taught 
in English. 


+> The level of the appointment will depend on 
the candidate’s career track and qualifications. 
Assistant professorships have been established 
to promote the careers of younger scientists. 
ETH Zurich implements a tenure track system 


equivalent to other top international universities. 


= Please apply online: 
www.facultyaffairs.ethz.ch 


> Applications should include a curriculum 
vitae, a list of publications, a statement of 
future research and teaching interests, and a 
description of the three most important 
achievements. The letter of application should 
be addressed to the President of ETH Zurich, 
Prof. Dr. Joél Mesot. The closing date for 
applications is 15 September 2019. ETH Zurich 
is an equal opportunity and family friendly 
employer and is responsive to the needs of 
dual career couples. We specifically encourage 
women to apply. 


online @sciencecareers.org 


74) 
$ 
— 
oS 
© 
e 
A 
= 
3 
~ 
= 
4 
Y) 


WORKING LIFE 


By S. Hussain Ather 
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Livestreaming science 


arrive at the lab where I work as a postbaccalaureate researcher and, like many scientists starting 
their days, I open my laptop, check my email, and plan my agenda. But then, when I’m ready to get 
to work, I turn on my laptop camera. I perform computational research studying the neuroscience 
of zebrafish—and I use an online streaming service to share it with the world in real time. I had 
started to use the platform, called Twitch, a few years ago to watch people play video games. But 
until last year, it had never occurred to me that I could use it for research, too. 


When I used Twitch for video games, 
I never streamed myself, but I en- 
joyed watching other gamers play 
and share their strategies. I also 
liked interacting with streamers 
and engaging with other viewers. 
For me, it was an open, trusting, 
and supportive environment that 
offered a great way to build com- 
munity and learn. (There are a few 
similar platforms, but Twitch is the 
most popular among gamers.) 

Then I went to a conference, 
where I met a computational scien- 
tist who was considering livestream- 
ing his research. He thought it 
would be a good way to share his 
work more widely with other re- 
searchers, and to give the gen- 
eral public an intimate window 
into how research is conducted. 
He even proposed real-time programming competitions, 
which would foster community discussion. 

Initially, I thought it was a crazy idea. Twitch is for gaming, 
not science. But I was intrigued. An internet search revealed 
a few scientists who streamed their work, and I started to 
wonder. Maybe there was something to this. 

The idea of opening up my work for public viewing and 
commenting was a little nerve-wracking. I was worried that 
the whole world would be judging my abilities. But our lab 
already shares much of our work publicly on GitHub, a web- 
site for posting software and code, and streaming seemed 
like the next logical step. It would be more efficient to get 
input from users as I worked than to wait until I had updated 
GitHub. I decided that the possible benefits outweighed the 
risks. My boss thought streaming my work was the “weirdest 
thing” and doubted that anyone would want to watch, but he 
gave his blessing. 

So I started to livestream my research for a few hours a day, 
sharing work that won’t compromise my, or my lab’s, ability 
to publish. Anyone who visits my channel can watch me and 
my computer screen as I work. Sometimes I stream myself 
reading scientific materials and writing on my blog. One time, 


“Anyone who visits my 
channel can watch me and my 
computer screen as I work.” 


Teven picked up my laptop and gave 
a virtual tour of the lab. 

My audience is on the small 
side—some days I have a handful 
of viewers; other days, I have just 
one or two—but regardless, the 
interactions are valuable. Viewers 
ask me why I choose to run spe- 
cific programs and about my career 
goals. They comment on my code 
and provide feedback. I love engag- 
ing with people while still getting 
work done—and in some cases do- 
ing it more effectively than I would 
have otherwise. One viewer with 
a bioinformatics background sug- 
gested that I use a different tool for 
one of my analyses, which helped 
fix a problem I had been stuck on. 
Another told me about a machine 
learning tutorial that I have found 
tremendously useful. Sharing how I write and edit my 
code—not just the final product—also helps me hold myself 
accountable to appropriate standards and conventions. 

The benefits have extended beyond the nitty-gritty details 
of my research. I have chatted with my viewers about the 
philosophy of neuroscience. I’ve practiced explaining my 
research in ways a general audience can understand—a skill 
that will serve me well in my planned career as a scientist 
and communicator. My boss has even begun to stream some 
of his research, inspired by my positive experience. 

As I open myself to this new method of engagement, I 
find novel ideas I can embrace and opportunities to grow 
and improve. Viewers gain insight and trust in science from 
watching how I do my research. By sharing my work, I show 
myself to the world. 


S. Hussain Ather recently completed a postbaccalaureate 
research program at the National Institutes of Health 

in Bethesda, Maryland, and will be starting a master’s 
degree in science communication at the University of 
California, Santa Cruz, in the fall. Send your career story 
to SciCareerEditor @aaas.org. 
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